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DEDICATION 


The  22d  DoD  Explosives  Safety  Seminar  is  dedicated  to  the  memory 
of  Dr.  Thomas  A.  Zaker,  member  of  the  DDESB  Secretariat  from  lb  March 
1970  until  his  untimely  death  on  12  June  1986. 

Dr.  Zaker  obtained  his  BS  from  Case  Institute  of  Technology, 
Cleveland,  Ohio  and  Master  and  PhD  from  Illinois  Institute  of 
Technology,  Chicago,  Illinois.  Prior  to  his  employment  with  the 
Federal  Government,  Dr.  Zaker  worked  at  the  Illinois  Institute  of 
Technology  Research  Institute.  He  began  his  employment  at  the  DDESB 
Secretariat  as  a  Mechanical  Engineer  in  charge  of  the  Board's 
Explosives  Safety  RDT8E  Program.  In  July  1984 ,  he  became  the  Director 
of  the  Technical  Programs  Division. 

Through  exceptional  performance  of  duty,  professional  competence, 
devotion  to  duty  and  untiring  efforts,  Dr.  Zaker  significantly 
contributed  to  the  accomplishment  of  the  vital  mission  of  the 
Department  of  Defense  Explosives  Safety  Board.  His  vast  knowledge  and 
expertise  in  the  field  of  explosives  safety  was  recognized  throughout 
the  Department  of  Defense  and  international  communities.  He  will  be 
sorely  missed  by  his  co-workers  and  contemporaries. 


PREFACE 


\is  Seminar  is  held  as  a  medium  by  vrtiieh  there  may  be  a  free 
exchange  of  information  regarding  explosives  safety..  With  this  idea  in 
mind,  these  minutes  are  laeing  provided  for  your  information.  The 
presentations1  made  at  this  Seminar  do  not  imply  indorsement  of  the 
ideas,  accuracy  of  facts  presented,  or  any  product,  by  either  the 
Department  of  Defense  Explosives  Safety  Board  or  the  Department  of 
Defease^ — " 

\r\c.U4a>s  'Hvx  ^oUfcuJ'.r^  4KjL«pr  dcaaA’it^s:^ 


BRUCE  B.  HALSTEAD 
Colonel,  USA 
Chairman 
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These  proceedings  are  published  for  information  as  an  accommodation  to 
the  participants  at  the  Seminar.  The  Department  of  Defense  Explosives 
Safety  Board  cannot  accept  responsibility  for  the  correctness  of  those 
papers  which  have  been  directly  reproduced  from  copy  furnished  bv  che 
authors. 
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CHAIRMAN’S  OPENING  REMARKS 


22d  EXPLOSIVES  SAFETY  SEMINAR 


Mrs-  Pope,  General  Eckelbarper,  General  Bender,  Commodore  Peeves, 
Mrs.  Zaker,  Distinguished  Guests,  Professionals  of  the  Explosives 
Safety  Community,  friends.  Welcome  to  the  22d  Explosives  Safety 
Seminar.  Our  largest  yet  -  710  not  included  late  registration. 

The  fact  that  o  lr  goal  for  the  next  three  days  is  to  improve  the 
quality  of  explosives  safety  through  the  active  exchange  of 
state-of-the-art  information.  Look  around  you.  You  see  most  of 
the  explosive  safety  expertise  available,  not  only  from  the  United 
states,  but  also  from  19  countries  thru-out  the  world.  Make  the 
most  of  this  great  opportunity  to  compare  notes,  rub  shoulders, 
and  unite  in  pursuit  of  the  awesome  responsibilities  each  of  us 
share.  We  depend  very  much  on  each  other  to  find  ways  of  meeting 
increasing  requirements  of  military  readiness  with  acceptable 
margins  of  safety  in  an  environment  of  more  potent  explosives, 
limited  real  estate  and  even  more  limited  financial  resources. 

It  is  now  my  pleasure  to  introduce  to  you  the  current  members  of 
the  Explosives  Safety  Board.  The  Army  is  represented  by  Colonel 
Bill  Parris  from  the  Office  of  the  Deputy  Chief  of  Staff  for 
Logistics,  Department  of  the  Army.  The  Alternate  Board  Member, 

Mr.  Charles  Cates  is  also  here.  Mr.  Cates  is  from  the  Army  Safety 
Center  at  Fort  Rucker,  Alabama.  Captain  Bob  Wernsman  is  the  Navy 
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Representative.  Pressing  duties  in  OP-41  of  the  Navy  Staff 
prevent  Captain  Wernsman  from  attending.  We  are  fortunate, 
however,  to  have  the  Navy’s  Alternate  Board  member  here  today,  Mr. 
Carlo  Ferraro.  He  is  from  the  Explosives  and  Nuclear  Weapons 
Safety  Section  in  the  Office  of  the  Chief  of  Naval  Operations  in 
the  Pentagon.  From  the  Air  Force,  our  newest  member  Colonel  Chip 
Morrison.  Colonel  Morrison  is  the  Chief  of  Weapons  Safety,  Air 
Force  Inspection  and  Safety  Center,  at  nearby  Norton  Air  Force 
Base.  Also  from  the  same  office,  the  Alternate  Air  Force  member, 
the  Chief  of  Explosives  Safety,  Mr.  Ken  Shopher. 

I  would  now  like  to  introduce  our  Keynote  Speaker  for  the  22d 
Explosives  Safety  Seminar.  Major  General  Donald  Eckelbarger  is 
the  Director  for  Human  Resources  Development  in  the  Office  of  the 
Deputy  Chief  of  Staff  for  Personnel,  Department  of  the  Army. 
Graduating  from  the  Military  Academy  and  an  Engineer  by  education, 
General  Eckelbarger  has  followed  the  route  of  an  artillery  officer 
in  his  Army  career.  He  has  seen  first  hand  the  impact  of  our 
explosives  safety  standards  on  the  lives  of  the  soldiers  in  his 
commands  and  on  operational  readiness.  As  the  Army's  Director  of 
Safety,  he  is  imminently  qualified  to  speak  to  us  today  on  the 
Army's  program,  "Safe  Army  1990." 


General  Eckelbarger 


BALANCING  OPERATIONAL  READINESS  AND  EXPLOSIVES 

SAFETY 

Keynote  Address 
by 

MG  Donald  F.  Eckelbarger 
Director  of  US  Army  Safety 
22nd  DoD  Explosives  Safety  Seminar 
26  August  1986 

I  AM  PLEASED  AND  HONORED  TO  HAVE  BEEN  INVITED  TO  ADDRESS  THIS 
DISTINGUISHED  GROUP  OF  EXPLOSIVES  EXPERTS.  THIS  22ND  DEPARTMENT 

of  Defense  sponsored  Explosive  Safety  Seminar  provides  a  unique 

OPPORTUNITY  TO  EXCHANGE  INFORMATION  AND  TO  DEVELOP  IDEAS 
REGARDING  ALL  ASPECTS  OF  EXPLOSIVE  SAFETY.  COLLECTIVELY  YOU 
REPRESENT  MUCH  OF  THE  FREE  WORLD'S  KNOWLEDGE  AND  EXPERTISE  IN 
THIS  FIELD.  WHILE  I  WILL  not  ATTEMPT  TO  DISCUSS  THE  TECHNICAL 
ASPECTS  OF  YOUR  PROFESSION,  I  DO  WANT  TO  SHARE  WITH  YOU  SOME 
THOUGHTS  ON  EXPLOSIVES  SAFETY  AS  VIEWED  FROM  MY  PERSPECTIVE  AS 

Director  of  Safety  for  the  United  States  Army. 

Of  the  many  elements  of  the  Army's  overall  safety  program, 

EXPLOSIVES  SAFETY  IS  ONE  OF  THE  MOST  DIFFICULT.  IT  IS  DIFFICULT 
BECAUSE  A  BALANCE  MUST  BE  MAINTAINED  BETWEEN  OPERATIONAL 
REQUIREMENTS  AND  SAFETY  CONSIDERATIONS.  WE  SOLDIERS  MUST  HAVE 
EXPLOSIVES  —  MUNITIONS  AND  WEAPONS  —  TO  DO  THE  JOB.  TROOPS 
TRAIN  AND  LIVE  WITH  EXPLOSIVES,  WHERE  INHERENT  DANGER  AND 
HAZARDS  ARE  THEIR  DAY-TO'DAY  COMPANIONS.  COMMANDERS 
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MUST  HAVE  POLICIES/  REGULATIONS,  AND  PROCEDURES  —  RULES  —  THAT 
'/ILL  ALLOW  THEM  TO  ACCOMPLISH  THEIR  MISSION,  AND  AT  THE  SAME  TIME 
PROTECT  THEIR  SOLDIERS.  THIS  IS  PARTICULARLY  TRUE  WITH  FORCES 
THAT  ARE  PREPARED  FOR  FORWARD  DEPLOYMENT  WHERE  SOLDIERS  MUST  BE 
ABLE  TO  LITERALLY  ROLL  OUT  OF  THEIR  BUNKS,  GET  THEIR  AMMUNITION 
AND  MOVE  TO  TACTICAL  LOCATIONS  -  READY  TO  FIGHT.  THEREFORE, 
EXPLOSIVES  SAFETY  MUST  SUPPORT  THE  ARMY  MISSION,  NOT  IMPEDE  IT. 

The  NATURE  OF  MODERN  WARFARE  WITH  ATTENDANT  SMALL  UNIT 
ACTIONS,  HIGHLY  FLUID  BATTLEFIELDS,  AND  EXTENDED  BOUNDARIES, 
COUPLED  WITH  THE  USE  OF  ADVANCED  WEAPONRY  —  HIGH  RATES  OF  FIRE 
AND  INCREASED  LETHALITY  —  PUTS  A  PREMIUM  ON  QUICK  RESPONSE. 

TO  MEET  THE  REQUIREMENTS  OF  THIS  BATTLEFIELD,  WE  DEPLOY  HIGHLY 
SOPHISTICATED  WEAPONS  AND  CONCENTRATE  LARGE  QUANTITIES  OF 
EXPLOSIVES  IN  FORWARD  AND  DISPERSED  AREAS.  THIS  CAN  RESULT  IN 
POTENTIAL  RISK  TO  BOTH  MILITARY  AND  CIVILIAN  PERSONNEL,  PROPERTY, 
AND  EQUIPMENT.  IN  SUCH  AN  OPERATIONAL  ENVIRONMENT,  WHERE 
SOLDIERS,  CIVILIANS,  WEAPONS  AND  EXPLOSIVES  ARE  INTER-MINGLED,  A 
SINGLE  ACCIDENT  COULD  HAVE  CATASTROPHIC  CONSEQUENCES.  Ih 
ADDITION  TO  A  POTENTIAL  FOR  THE  LOSS  OF  LIFE  AND  DESTRUCTION  OF 
PROPERTY,  THERE  IS  THE  POSSIBILITY  THAT  A  MISHAP  COULD  GREATLY 
IMPAIR  OUR  ABILITY  TO  MAINTAIN  GLOBAL  COMMITMENTS. 

For  example,  an  accident  involving  the  Pershing  II  missile 

SYSTEM  POSITIONED  IN  GERMANY  CLEARLY  DEMONSTRATES  THIS  POINT. 

On  11  JANUARY  1985,  DURING  A  ROUTINE  TRAINING  EXERCISE,  A 
Pershing  II  missile  motor  caught  fire  as  it  was  being  lifted  out 

OF  ITS  SHIPPING  CONTAINER. 
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The  accident  happened  in  a  local  training  area  about  3  KILOMETERS 

EAST  OF  HEILBRONN,  WEST  GERMANY.  THREE  SOLDIERS  WERE  KILLED  AND 
16  OTHERS  WERE  INJURED.  THERE  WERE  NO  CIVILIANS,  AMERICAN  OR 

German,  involved. 

The  sequence  went  something  like  this.  Missile  handlers  were 

STARTING  TO  ASSEMBLE  A  LIVE  MISSILE  TAKEN  FROM  ITS  STORAGE 
CONTAINER.  It  WAS  THE  THIRD  MISSILE  ASSEMBLY  OPERATION  CONDUCTED 
THAT  DAY.  AS  THE  MOTOR  WAS  BEING  LIFTED  FROM  ITS  CONTAINER,  AN 
ELECTROSTATIC  DISCHARGE  IGNITED  THE  ROCKET  MOTOR  WHICH  THEN 
BURNED  RAPIDLY  FOR  SEVERAL  MINUTES.  THERE  WAS  NO  EXPLOSION.  IN 
ADDITION  TO  THE  SOLDIERS  KILLED  AND  INJURED,  THE  MOTOR  AND 
SHIPPING  CONTAINER  WERE  DESTROYED,  THE  VEHICLE  AND  OTHER  RELATED 
EQUIPMENT  WAS  DAMAGED. 

American  and  German  safety  officials  jointly  conducted  an 

EXHAUSTIVE  INVESTIGATION  TO  IDENTIFY  WHAT  WENT  WRONG.  THIS 
EFFORT  DETERMINED  THE  EXACT  CAUSE  OF  THE  FIRE  AND  CORRECTIVE 
ACTIONS  HAVE  BEEN  TAKEN. 

Although  there  were  no  nuclear  warheads  or  nuclear  materials 

AT  THE  SCENE  OR  INVOLVED  IN  THE  ACCIDENT  IN  ANY  WAY,  ACCIDENTS 
LIKE  THIS  CAN  GREATLY  UNDERMINE  THE  CONFIDENCE  OF  HOST  COUNTRIES 
IN  OUR  ABILITY  TO  SAFELY  MAN  AND  MAINTAIN  OUR  WEAPONS  SYSTEMS. 

Another  example  of  the  operational  requirements  of 

MAINTAINING  DEPLOYED  FORCES  WEIGHED  AGAINST  THE  POTENTIAL  RISKS 
OF  ACTIVITIES  INVOLVING  EXPLOSIVES  IS  AN  ACCIDENT  WHICH  TOOK 
PLACE  HERE  IN  THE  UNITED  STATES. 

IN  1985,  A  COMMERCIAL  TRAILER  TRUCK  TRAVELING  THROUGH 

Oklahoma,  was  transporting  10  Hark  84  bombs  destined  for 
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OVERSEAS.  It  collided  with  a  private  automobile  on  a  major 

INTERSTATE  HIGHWAY,  THE  CAR  CAUGHT  FIRE  AND  SUBSEQUENTLY 
DETONATED  SEVERAL  OF  THE  BOMBS.  THE  EXPLOSIONS  LEFT  A  27  FOOT 
DEEP  CRATER  IN  THE  MIDDLE  OF  THE  HIGHWAY,  NEARLY  HALF  THE 
BUILDINGS  IN  A  NEARBY  TOWN  WERE  DAMAGED,  AND  MORE  THAN  50  PEOPLE 
WERE  INJURED.  AS  ONE  WOULD  EXPECT,  THE  EVENTS  AND  CIRCUMSTANCES 
OF  THIS  ACCIDENT  RECE T VED  NATIONWIDE  TELEVISION  AND  NEWS  MEDIA 
COVERAGE.  This  ACCIDENT  CAUSED  ANXIETY  AMONG  MEMBERS  OF  THE 

American  public,  just  as  the  Pershing  missile  accident  caused 

ALARM  AMONG  GERMAN  CITIZENS. 

These  two  accidents  serve  to  underscore  the  fact  that  any 

ACTIVITY  INVOLVING  EXPLOSIVES  IS  EXTREMELY  SENSITIVE,  AND  A 
SINGLE  INCIDENT  CAN  PRODUCE  CATASTROPHIC  RESULTS.  ACCIDENTS  SUCH 
AS  THESE  REMIND  US  OF  THE  NECESSITY  FOR  CONSTANTLY  FOCUSING  ON 
BETTER  MEANS  OF  PROVIDING  A  SAFE  AND  SECURE  ENVIRONMENT  IN  ALL 
ASPECTS  OF  THE  EXPLOSIVES  BUSINESS. 

Apart  from  the  obvious  and  sincere  humanitarian  concern  for 

THE  SAFETY  OF  SOLDIERS  AND  CIVILIANS,  EXPLOSIVES  SAFETY  IS  A  KEY 
FACTOR  IN  TERMS  OF  READINESS.  WE  MUST  SUPPORT  OUR  TACTICAL 
MISSION  IN  AREAS  WHERE  SOLDIERS  LOAD  AMMUNITION  ONTO  TACTICAL 
VEHICLES,  TRANSPORT  IT  ON  CIVILIAN  HIGHWAYS,  AND  USE  IT  IN 
TRAINING.  WE  MUST  ALSO  MAINTAIN  A  HIGH  DEGREE  OF  SAFETY  IN 
MANUFACTURING,  HANDLING,  AND  STORING  OUR  MUNITIONS  TO  INSURE  A 
HIGH  STATE  OF  COMBAT  CAPABILITY. 

Because  of  the  inherent  hazard  potential  of  ammunition  and 

EXPLOSIVES,  IT  IS  EVEN  MORE  VITAL  THAT  NEW  APPROACHES  TO  THIS 
ASPECT  OF  SAFETY  BE  DISCUSSED  AND  SUBSEQUENTLY  DEVELOPED,  AT 
MEETINGS  SUCH  AS  THIS. 
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The  Army  fully  realizes  that  its  explosives  safety  program 

HAS  TO  BE  A  BALANCE  BETWEEN  ONE  THAT  PROVIDES  FOR  TOTAL 
PROTECTION  OF  LIFE  AND  PROPERTY  AND  ONE  THAT  PERMITS  FIELD 
COMMANDERS  TO  ACCOMPLISH  THEIR  MISSION  OF  TRAINING  A  COMBAT  READY 
FORCE. 

A  POSITIVE  SIGN  OF  THE  ARMY'S  COMMITMENT  TO  IMPROVING 
EXPLOSIVES  SAFETY  AND  AN  INDICATION  OF  THE  HIGH  ORDER  OF  ITS 
PRIORITY  IS  THE  FACT  THAT  EVEN  IN  THIS  ERA  OF  GRAMM-RUDMAN  BUDGET 
CUTS,  THE  ARMY  HAS  FUNDED  AN  ADDITIONAL  $30  MILLION  FOR  IMPROVING 
THE  EXPLOSIVES  SAFETY  POSTURE  FOR  DEPLOYED  FORCES.  THIS  MONEY, 
WHICH  SURVIVED  A  HIGHLY  COMPETITIVE  DISTRIBUTION  PROCESS,  WILL  BE 
USED  TO  BUILD  PROTECTIVE  STRUCTURES  AND  TO  RELOCATE  AMMUNITION 
STORAGE  SITES  AREAS  AWAY  FROM  AREAS  POPULATED  BY  SOLDIERS  AND 
CIVILIANS. 

TO  FURTHER  ENHANCE  OUR  ARMY  EXPLOSIVES  SAFETY  PROGRAM, 

SEVERAL  KEY  ACTIONS  HAVE  BEEN  TAKEN. 

First,  we  have  provided  expanded  Army  explosives  safety 

TRAINING  COURSES  TO  MEET  THE  WORLDWIDE  NEEDS  OF  SAFETY 
SPECIALISTS  AND  SAFETY  APPRENTICES.  THESE  TRAINING  COURSES  FOCUS 
ON  DAY  TO  DAY  MISSION  REQUIREMENTS  DEALING  WITH  THE  STORAGE  AND 
TRANSPORTATION  OF  EXPLOSIVES. 

Second,  we  are  developing  risk  assessment  policies  so  that 

SAFETY  PERSONNEL  WILL  BETTER  UNDERSTAND  MISSION  REQUIREMENTS  AND 
BE  ABLE  TO  FULLY  INTEGRATE  EXPLOSIVES  SAFETY  INTO  OPERATIONS, 
THEREBY  ACHIEVING  A  SITUATION  THAT  COMPLEMENTS  BOTH  MISSION  AND 
SAFETY. 
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Third,  we  are  working  toward  writing  explosives  safety 

INSTRUCTIONS  INTO  OPERATION  ORDERS  SO  THAT  FIELD  COMMANDERS  WILL 
RECOGNIZE  AND  MINIMIZE  RISKS  DURING  TACTICAL  TRAINING. 

Finally,  we  are  working  closely  with  allies  and  host  country 

OFFICIALS  TO  RESOLVE  SPECIAL  EXPLOSIVES  SAFETY  PROBLEMS 

worldwide.  Top  Army  officials  are  involved  in  reviewing  and 

SUPPORTING  THESE  INITIATIVES.  THESE  ON"GOING  ACTIONS  ARE  A 
POSITIVE  SHIFT  TOWARD  THE  CONCERN  FOR  STRIKING  A  BALANCE  BETWEEN 
OPERATIONAL  READINESS  AND  EXPLOSIVE  SAFETY. 

Before  I  finish,  I  would  like  to  briefly  mention  an 

INITIATIVE  THE  ARMY  HAS  DEVELOPED  TO  IMPROVE  ITS  SAFETY  PROGRAM. 

In  October  1985,  the  Chief  of  Staff  endorsed  a  5-year  Plan 

ENTITLED  SAFEARMY  1990.  l'HIS  LONG-RANGE  STRATEGY  CALLS  FOR 
IMPROVEMENTS  IN  ALL  ASPECTS  OF  SAFETY, 

A  KEY  PART  OF  THIS  PLAN  CALLS  FOR  THE  DEVELOPMENT  OF  A 
PROGRAM  GOAL  FOR  EXPLOSIVE  SAFETY.  THIS  GOAL  PROVIDES  FOR  THE 
INTEGRATION  OF  SAFETY  PRACTICES  IN  MOVEMENT  PLANS  AND  OPERATIONAL 
PROCEDURES,  ESPECIALLY  THOSE  RELATED  TO  PRE-POSITIONING  AND 
PRE-STOCKING  OF  EXPLOSIVES.  THREE  OF  THE  KEY  ACTIONS  IN  SUPPORT 
OF  THIS  GOAL  ARE  DEVELOPING  AN  AUTOMATED  DATA  BANK  CONTAINING  THE 
LATEST  EXPLOSIVES  HAZARD  CLASSIFICATION  DATA,  ASSESSING  THE 
IMPACT  OF  EXPLOSIVES  SAFETY  CRITERIA  ON  DEPLOYMENT  OPERATIONS, 

AND  EVALUATING  THE  OPTIONS  FOR  LOWERING  THE  LEVEL  OF  RISK. 
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Because  explosives  safety;  is  now  an  integral  part  of  SafeArmy 

1990,  IT  REMAINS  A  DYNAMIC,  FLEXIBLE  PROGRAM  THAT  CAN  ADAPT  TO 
CHANGES.  Many  OF  THESE  CHANGES  WILL  BE  STIMULATED  BY  THE  WORK  OF 
YOU  AND  YOUR  COLLEAGUES. 

IN  LOOKING  AT  THE  CONFERENCE  AGENDA  I  WAS  IMPRESSED  WITH  THE 
VARIETY  AND  IMPORTANCE  OF  THE  SUBJECTS  TO  BE  COVERED,  THE 
DIVERSITY  OF  THE  PARTICIPANTS,  AND  THE  CHALLENGE  YOU  HAVE  SET  FOR 
YOURSELVES.  I  KNOW  THAT  EACH  OF  YOU  WILL  BENEFIT  GREATLY  FROM 
THIS  CONFERENCE.  IT  CAN  BE  A  SOURCE  OF  IDEAS  WHICH  WILL  ASSIST 
GREATLY  IN  OUR  SEARCH  FOR  NEW  KNOWLEDGE,  NEW  TECHNIQUES,  AND  NEW 
APPLICATIONS.  THE  CHALLENGE  BEFORE  US  IS  TO  MEET  THE  NEED  FOR 
TECHNOLOGICAL  ADVANCES  IN  THE  DEVELOPMENT  OF  BOMBS,  BULLETS,  AND 
SHELLS  THAT  THE  SOLDIER  CAN  "BEND,  FOLD,  AND  SPINDLE",  OR  AS  YOU 
USUALLY  SAY,  INSENSITIVE  ENERGETIC  MATERIALS.  WE  NEED  BETTER 
BLAST-RESISTANT  CONSTRUCTION,  AND  A  SAFER  MEANS  OF  HANDLING 
TRANSPORT  AND  STORING  OF  EXPLOSIVES.  WE  ALSO  NEED  PEOPLE  WHO  ARE 
INNOVATIVE  IN  THEIR  APPROACH  TO  EXPLOSIVE  SAFETY. 

I  AM  CERTAIN  THAT  WHATEVER  YOUR  SPECIFIC  INTERESTS  ARE,  THE 
NEXT  THREE  DAYS  OF  THE  SEMINAR  WILL  AFFORD  YOU  THE  OPPORTUNITY  TO 
EXPLORE  THEM  PROFITABLY. 

1  WISH  YOU  EVERY  POSSIBLE  SUCCESS. 
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15  YEARS  OF  EXPERIENCE  WITH  RISK  MANAGEMENT 
A  REVIEW  FROM  A  MANAGEMENT  PERSPECTIVE 


by 

Maj.  Gen.  U.F.  Bender 
Deputy  Chief  of  Staff  Logistics 
Chairman  of  the  Swiss  Military  Explosives  Safety  Board 


ABSTRACT 


In  1971  risk  management  was  introduced  in  Switzerland  for  dealing  with 
safety  in  the  storage  of  aronunition.  After  briefly  reviewing  the  develop¬ 
ment  of  safety  regulations  in  Swiss  ammunition  storage  and  main  features 
of  the  new  safety  concept,  a  review  of  fifteen  years  of  first-hand  ex¬ 
perience  from  a  management  perspective  is  presented.  General  experience 
asserts  that  risk  management  requires 

-  special  management  involvement 

-  time  and  patience 

-  an  atmosphere  of  multilateral  trust  and  confidence 
Practical  experience  with  risk  management  shows  that 

-  actual  risks  from  ammunition  storages  in  Switzerland  were  drastically 
reduced  in  the  last  10  years  at  minimum  cost 

-  under  Swiss  conditions,  compliance  with  NATO  safety  principles  would 
only  lead  to  a  marginal  increase  of  safety,  while  causing  large 
financial  outlays 

-  needed  additional  manpower  is  relatively  small  while  substantial  sav¬ 
ings  in  overall  systems  costs  can  be  obtained 

-  the  reaction  of  Swiss  politicians  were  generally  positive;  risk  manage¬ 
ment  can  also  bring  positive  side  effects  in  other  areas. 
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INTRODUCTION 


Exactly  15  years  ago,  the  first  quantitative  risk  analysis  of  an  ammuni¬ 
tion  storage  installation  was  presented  to  the  Swiss  Explosives  Safety 
Board.  This  event  was  a  major  milestone  in  the  history  of  Swiss  explosives 
safety  regulations.  It  Inaugurated  a  transition  phase  from  a  traditional 
safety  concept  that  was  based  on  quantity-distance  tables  to  a  modern 
safety  concept  based  on  assessing  quantitative  risk  values. 

Fifteen  years  of  first-hand  experience  with  this  new  safety  concept,  and 
with  problems  presented  by  the  transitional  phase  were  collected  since 
then.  As  chairman  of  the  Swiss  Explosives  Safety  Board,  I  can  state  that 
it  has  been  a  very  positive  experience.  We  have  learned  in  these  years  a 
lot  about  the  DO's  and  DONT's  of  the  risk  concept. 

I  intend  with  my  talk  to  present  to  this  distinguished  audience  several 
important  experiences  that  were  obtained  in  my  country.  Several  presenta¬ 
tions  given  at  the  last  seminar.  In  1984,  especially  the  opening  addresses 
by  my  colleagues  from  the  British  and  Australian  safety  boards,  demon¬ 
strated  to  me  that  other  nations  have  also  considered  the  introduction  of 
similar  concepts.  Though  each  nation  must  adapt  this  concept  to  its  own 
and  special  situation,  our  experience  in  Switzerland  might  help  others  in 
one  way  or  another. 


HISTORY  OF  AMMUNITION  SAFETY  REGULATIONS  IN  SWITZERLAND 

Let  me  set  out  with  a  brief  review  of  the  history  of  Swiss  regulations 
pertaining  to  amnunltion  storage.  Up  to  the  end  of  World  War  II,  Switzer¬ 
land  lacked  extensive  regulations  in  this  field.  Though  the  responsible 
authorities  knew  that  neighboring  nations  had  established  far  more  string¬ 
ent  regulations,  our  authorities  trusted  in  the  high  quality  of  our  ammu¬ 
nition  and  regarded  major  accidents  as  practically  impossible.  As  a  re¬ 
sult,  large  storage  facilities  were  built  in  close  proximity  to  civilian 
installations. 

Such  thinking  ended  abruptly  after  World  War  II,  when  four  consecutive 
accidents  killed  19  persons  and  inflicted  over  100  millions  of  Swiss 
francs  of  damage  to  the  affected  surroundings  and  to  the  installations, 
plus  the  loss  of  almost  10*000  tons  of  ammunition.  The  most  spectacular 
and  devastating  event  occurred  in  an  underground  installation  on  December 
19,  1947,  which  killed  9  persons,  when  part  of  a  mountain  came  down  on  a 
nearby  village. 

These  events  marked  a  first  major  milestone  in  the  history  of  Swiss  safety 
regulations.  The  Swiss  Military  Explosives  Safety  Board  was  established, 
and  one  of  its  first  tasks  was  to  work  out  new  and  more  stringent  regula¬ 
tions.  In  essence,  the  new  regulations  followed  the  traditional  and  widely 
accepted  concept  of  safety-distances  to  inhabited  buildings  and  to  roads, 
and  also  the  concept  of  various  hazard  categories. 

Only  a  few  years  after  the  new  regulations  became  effective,  a  number  of 
problems  arose: 
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-  The  amount  of  ammunition  and  its  explosive  content  steadily  increased; 

-  The  military  readiness  requirement  called  for  additional  storage  space 
closer  to  populated  areas,  and  for  mixed  storage  of  various  hazard  ca¬ 
tegories; 

-  As  urbanization  of  Switzerland  steadily  progressed,  dwellings,  indus¬ 
tries  and  roads  moved  closer  to  existing  installations. 

In  the  mid  60ies,  it  became  obvious  that  this  situation  permitted  only 
three  feasible  alternatives: 

1.  Increasing  the  number  of  waivers  from  existing  regulations; 

2.  Relocation  of  existing  storages; 

3.  Development  of  new  regulations  based  on  a  new  safety  concept. 

The  Explosives  Safety  Board  realized  that  an  increase  of  waivers  would  be 
"sticking  one's  head  in  the  sand",  while  the  financial  resources  necessary 
to  relocate  existing  storage  would  be  unavailable,  aside  from  the  diffi¬ 
culties  in  finding  appropriate  sites.  The  Board  therefore  decided  at  the 
end  of  the  60ies  to  investigate  possibilities  for  working  out  new  regula¬ 
tions.  They  were  to  be  based  on  a  safety  concept  that  incorporates  the 
following  features: 

-  Quantitative  assessment  of  actually  expected  damage  from  accidental  ex¬ 
plosions,  through  risk  analysis,  considering 

.  a  realistic  amount  of  explosives  involved  in  an  explosive  event; 

.  a  realistic  analysis  of  explosion  effects; 

.  a  realistic  and  probabilistic  prognosis  of  persons  present  in  hazard 
zones; 

-  Realistic  probability  consideration  of  accidental  explosions; 

-  Explicit  criteria  for  acceptable  risks; 

-  Cost-Benefit  Analysis  for  improving  the  safety  situation. 

As  my  introductory  sentence  stated,  the  first  experimental  risk  analysis 
of  an  underground  installation  based  on  this  new  safety  concept  was  pre¬ 
sented  to  our  Board  in  1971.  After  careful  review,  the  Board  decided  to 
adopt  this  concept  for  the  future,  marking  the  second  important  milestone 
in  the  history  of  Swiss  safety  regulations. 

The  last  15  years  were  devoted  to  introducing  this  new  safety  concept. 
During  an  initial  phase,  research  was  sponsored  to  work  out  the  technolo¬ 
gical  base  for  risk  analysis.  It  consisted  of  theoretical  and  experimental 
work,  for  simulating  explosion  effects  as  well  as  of  realistically  esti¬ 
mating  probabilities  of  accidental  events.  In  addition,  research  was  spon¬ 
sored  to  develop  criteria  for  risk  acceptance  and  for  answering  questions 
of  risk  acceptability. 

In  a  second  phase,  the  administrative  framework  was  established.  It  con¬ 
sisted  of  elaborating  detailed  regulations  for  the  administrative  authori¬ 
ties;  recruitment  and  training  of  personnel  for  performing  risk  analysis 
and  development  of  computer  code  for  facilitating  numerics  of  risk  ana¬ 
lysis. 


13 


The  third  phase,  still  In  progress,  is  devoted  to  the  practical  implemen¬ 
tation  of  this  concept  In  the  storage  system.  It  consists  of  step-by-step 
analysis  of  all  existing  storage  Installations.  These  analyses  form  the 
basis  for  deciding  to  which  extent  further  use  can  be  approved,  and  for 
measures  to  be  taken  to  improve  the  safety  situation.  The  authorities  are 
allowed  to  switch  to  the  new  regulation  and  introduce  mixed  ammunition 
storage  only  when  all  these  conditions  are  met. 


REVIEW  FROM  A  MANAGEMENT  PERSPECTIVE 

Our  generally  positive  experience  with  risk  management  in  ammunition  safe¬ 
ty  does  not  mean  that  we  lacked  problems  during  the  last  fifteen  years.  We 
too  had  to  recognize  that  risk  management  is  not  just  another  technical 
tool  which  you  buy  just  once  and  then  let  the  authorities  use  it.  In  many 
ways,  risk  management  is  also  a  new  way  of  thinking  about  and  of  looking 
at  your  problems.  It  therefore  needs  management's  special  attention.  Let 
me  cite  three  points,  which,  based  on  Swiss  experience,  are  of  special  im¬ 
portance  in  this  context: 


1.  Risk  Management  Requires  Management  Involvement 

The  traditional  safety  concept  based  on  quantity-distance  tables  is  fairly 
easy  to  administrate  and  does  not  require  much  management  involvement.  De¬ 
fining  the  appropriate  quantity-distances  is  a  purely  technical  task  and  - 
provided  safety-distances  are  followed  -  the  check  is  straightforward  and 
may  be  left  to  lower-level  authorities.  A  clear  black-and-white  definition 
exists  between  a  "safe"  and  an  "unsafe"  condition.  When  switching  to  the 
risk  concept,  however,  the  dividing  line  between  "safe"  and  "unsafe"  con¬ 
ditions  becomes  blurred.  Therefore,  top  level  management  must  be  involved 
when  questions  of  value  judgements  or  special  technical  issues  are  addres¬ 
sed  such  as  the  following: 

-  What  safety  goals  should  be  established? 

-  What  numerical  values  should  be  selected  for  the  criteria  of  individual 
and  collective  risk? 

-  How  can  compatibility  be  assured  between  goals  for  ammunition  safety 
and  safety  goals  in  other  technical  fields? 

-  Which  trade-off  between  risk,  costs,  and  military  readiness  are  appro¬ 
priate  in  actual  cases  of  ammunition  storage? 

-  Which  numerical  probability  estimates  of  accidental  explosions  are 
appropriate? 

-  Which  conditions  must  be  met,  and  which  measures  must  be  taken  to 
assure  that  the  probability  factor  does  not  rise? 

Based  on  our  experience,  we  therefore  recommend  to  set  up  a  management 
structure  which  is  capable  of  coping  with  such  questions. 
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2.  Risk  Management  Requires  Time  and  Patience 


Risk  management  requires  time,  both  during  the  transitional  phase  from 
former  regulations  to  risk-based  regulations,  and  during  the  subsequent 
phase.  The  effort  required  to  perform  initial  risk  analyses  for  all  of 
your  current  storage  Installations  must  not  be  underestimated:  technical 
tools  have  to  be  prepared,  skilled  personnel  must  be  trained  and  data  have 
to  be  collected  before  even  analysis  work  can  start  and  which  -  depending 
on  the  local  situation  -  requires  varying  time  periods. 

This  initial  work  will  usually  be  followed  by  sporadic  future  efforts. 
Risk  management  requires  updates  of  risk  analyses  and  a  new  assessment  of 
the  safety  situation  whenever  the  situation  in  affected  surrounding  areas 
changes,  keeping  track  of  safety  is  therefore  a  continuous  task. 

Agarn,  based  on  our  experience  in  Switzerland,  we  recommend  that  all  pro¬ 
spective  risk  management  proponents  set  realistic  goals  regarding  transi¬ 
tion  time,  and  to  proceed  along  clear  priority  lines. 


3.  Risk  Management  Requires  an  Atmosphere  of  Multilateral  Trust  and 
Confidence 

From  the  traditional  safety-distances  concept,  even  top  level  managers  can 
read  the  required  distances,  e.g.,  to  inhabited  buildings,  from  the  corre¬ 
sponding  table  in  the  regulations,  and  compare  them  to  existing  distan¬ 
ces.  Special  skill,  however,  is  required  to  check  input  data  and  numerics 
of  a  risk  analysis,  which  is  difficult,  if  not  impossible,  for  higher 
management.  The  responsibility  for  accuracy  of  risk  analysis,  therefore, 
rests  with  the  analyst.  He  can  cheat  by  selecting  wrong  input  data  at  ran¬ 
dom.  Such  "mistakes"  are  often  difficult  to  uncover.  For  risk  management 
to  be  truly  successful,  it  thus  becomes  necessary  for  top  management  to 
amply  support  the  executive  authorities  so  that  a  basic  atmosphere  of 
trust  and  confidence  will  exist. 


After  hearing  about  these  basic  prerequisites  of  successful  risk  manage¬ 
ment,  I  can  imagine  that  you  will  be  asking:  "Is  it  really  worthwhile  go¬ 
ing  for  the  risk  concept?",  "Do  the  benefits  outweigh  v.he  efforts?".  To 
answer  these  questions,  I  will,  in  the  final  p  >rt  of  my  presentation  con¬ 
front  you  with  our  practical  experiences  and  the  results  which  we  have 
gained  in  Switzerland  since  introducing  risk  management. 


a.  Comparing  Risk  Situations  of  Storages  in  1975  and  in  1985 

Shortly  after  introducing  the  risk  concept,  a  preliminary  risk  analysis 
was  performed  for  all  existing  storage  installations  in  order  to  obtain  an 
overview  of  the  safety  situation  and  to  designate  priorities  during  the 
transitional  phase.  The  result  for  one  group  of  installations  is  schemati¬ 
cally  shown  in  this  graph.  Each  bar  represents  one  storage  installation, 
while  the  height  of  each  bar  represents  the  risk  as  of  1975.  This  graph 
clearly  demonstrates  an  unbalanced  overall  risk  situation  at  a  consider¬ 
able  number  of  storages  with  high  risk  values,  as  well  as  a  large  number 
of  storages  with  medium  and  small  risk  values.  Needless  to  say,  the 
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responsible  authorities  were  much  astonished  when  this  picture  was  shown. 
Ten  years  later.  In  1985,  the  overall  risk  situation  of  the  same  group  of 
storage  Installations  was  again  designated.  This  graph  shows  that  most  of 
the  high  risk  situations  have  been  eliminated,  mostly  by  Improved  ammuni¬ 
tion  allocation  to  existing  storage  Installations,  but  also  through  tech¬ 
nical  safety  measures.  The  total  cost  of  this  program  amounted  to  several 
million  Swiss  francs.  Overall  capacity  of  this  group  of  storages  remained 
approximately  the  same.  We  v  thus  state  that  thanks  to  risk  management 
we  were  able  to  keep  our  storage  capacity,  and  at  the  same  time  substan¬ 
tially  Improve  our  risk  situation.  Moreover,  we  have  to  keep  in  mind  the 
Increasing  urbanization  of  our  country  during  this  decade.  No  doubt,  a 
real  and  measurable  success! 


b.  Comparing  Swiss  Regulations  with  NATO  Safety  Principles 

A  substantial  amount  of  our  reserve  ammunition  for  the  first  readiness 
phase  is  stored  In  above-ground  freestanding  storage  facilities,  dispersed 
all  over  Switzerland.  A  clear  comparison,  between  quantities  allowed  by 
our  risk-based  regulations,  and  by  NATO  regulations  based  on  quantity- 
distance  relationships,  can  be  made  for  these  types  of  storages. 

I  am,  for  example,  taking  a  region  in  which  20  storage  facilities  are  lo¬ 
cated.  According  to  our  regulations  we  are  authorized,  to  use  19  of  them 
and  to  store  a  total  of  about  21C0  tons  of  ammunition  of  mixed  hazard  ca¬ 
tegories.  Only  one  storage  proved  to  have  an  unacceptable  safety  situa¬ 
tion.  According  to  the  total  risk  value  resulting  in  this  region,  we  would 
tolerate  1  fatality  in  about  1700  years,  l.e.  a  fairly  low  risk  according 
to  our  regulations. 

Were  we  to  apply  quantity-distances  of  the  NATO  Safety  Principles  to  the 
situation  of  these  same  20  storages,  only  7  of  them  could  henceforth  be 
used  for  storing  ammunition  of  mixed  hazard  categories.  The  13  remaining 
storages  do  not,  in  one  way  or  another,  comply  with  required  minimum 
safety  distances  to  inhabited  building  or  roads.  The  storage  capacity  in 
this  region  would  be  reduceu  to  about  500  tons  of  ammunition.  This  reduced 
capacity  could  only  be  somewhat  increased  if  the  various  hazard  categories 
wt -e  stored  separately.  This,  however,  would  substantially  decrease  the 
required  military  readiness  level.  Therefore,  we  can  conclude  that 
complying  with  NATO  Safety  Principles  would  force  us  to  build  20  to  25  new 
storages  in  order  to  meet  the  required  total  capacity  of  2100  tons  of 
ammunition  in  this  region.  Provided  that  we  can  find  acceptable  storage 
sites,  it  would  cost  up  to  10  million  Swiss  francs,  just  for  one  particu¬ 
lar  storage  region. 

In  this  situation  we  have  to  ask  the  crucial  question:  "Would  storage  ac¬ 
cording  to  NATO  Safety  Principles  provide  more  safety  tnan  storage  accord¬ 
ing  to  the  Swiss  risk-based  situation?"  Based  on  detailed  risk  analyses 
for  actual  storage  sites  fulfilling  NATO  standards,  and  by  comparison  with 
the  actual  storage  sites  that  fulfill  Swiss  safety  criteria,  we  can  answer 
that  in  this  particular  region  NATO  principles  provide  only  a  marginally 
higher  safety  than  our  regulations.  Instead  of  the  previously  mentioned 
total  risk  value  of  1  expected  fatality  in  1700  years,  we  would  accept 
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an  overall  risk  of  1  fatality  in  2200  years.  This  small  difference  is 
chiefly  because  NATO  principles  focus  on  the  closest  building  or  road 
only,  and  not  on  the  total  number  of  persons  exposed  to  an  accidental  ex¬ 
plosion,  both  in  buildings,  cars  and  in  the  open  field. 

Thus,  we  may  conclude  that,  in  Swiss  conditions,  compliance  with  NATO 
safety  principles  increases  the  safety  only  marginally,  while  necessitat¬ 
ing  considerable  financial  costs.  Based  on  our  experience,  the  risk-con¬ 
cept  enables  an  efficient  use  of  existing  storage  facilities  while  main¬ 
taining  high  safety  and  high  military  readiness  levels. 


c.  Necessary  Manpower  for  Implementing  Risk -Management 

At  the  present  time,  about  2/3  of  all  storage  facilities  are  being  operat¬ 
ed  according  to  risk-based  regulations.  Efforts  to  subordinate  existing 
facilities  to  new  regulations  are  slowly  decreasing,  whereas  efforts  to 
update  the  risk  analysis  continuously  increase.  Based  on  our  experience  so 
far,  we  expect  that  in  the  future  5  to  10  individuals  will  be  required 
full  time  to  administrate  risk  management  for  ammunition  storages.  They 
are  responsible  for  updating  analyses  and  for  the  technology  base.  Compar¬ 
ed  to  the  size  of  our  anmunition  storage  system,  and  the  total  number  of 
persons  involved,  we  regard  this  as  a  small  additional  effort.  Moreover, 
it  is  our  experience  that  risk -management,  as  a  consequence  of  better  and 
more  economical  allocation  schemes,  resulted  in  saving  manpower  for  ope¬ 
rating  the  storages.  Thus,  we  can  definitely  state  that  according  to  our 
experience  in  Switzerland,  risk  management  costs  no  more  than  the  tradi¬ 
tional  safety  concept.  In  fact,  our  figures  indicate  substantial  overall 
savings. 


d.  The  Politician's  Response  to  Risk -Management 

In  several  instances,  politicians  as  well  as  local  authorities  were  expos¬ 
ed  to  the  risk- management  idea.  While  it  would  be  unrealistic  to  expect 
unanimous  acceptance  of  these  ideas  throughout  the  political  spectrum,  our 
experience  showed  that  most  politicians  fully  accepted  this  idea.  In  in¬ 
stances  where  local  communities  planned  civil  developments  near  existing 
installations,  local  authorities  even  got  involved  in  the  process  of  risk 
analysis  by  providing  input  data  estimates.  Consequently,  they  obtained  a 
general  understanding  of  safety  problems  and  eventually  agreed  to  this 
method  as  a  basis  for  negotiations. 

The  positive  reaction  of  .the  majority  of  politicians,  as  observed  in  Swit¬ 
zerland,  is  not  really  surprising.  First  of  all,  risk -management  is  a 
trade-off  method  for  multiple  objectives,  i.e.,  of  safety,  money  and  mili¬ 
tary  criteria  in  an  openly  demonstrable  way.  And  making  trade-offs  is, 
after  all,  the  way  democracy  works.  Secondly,  the  militia  system  of  the 
Swiss  Army  enhances  understanding  for  defense  problems  and  provides  the 
essential  basis  of  confidence  in  our  defense  system. 


e.  Positive  Side-Effects  of  Rlsk-M&ngement 


As  mentioned  earlier,  risk -management  is  more  than  just  another  tool.  It 
is  also  a  new  way  of  thinking.  Risk -management  requires  systematic  and  ra¬ 
tional  thinking,  a  readily  understandable  and  open  demonstration  of  the 
problem  and  of  ways  to  solve  it  and,  lastly,  it  requires  factor  and  cri¬ 
teria  quantification,  as  well  as  cost-benefit  considerations.  All  these 
aspects  are,  of  course,  not  limited  to  the  problem  of  safety  of  aiminiticn 
storage.  As  a  positive  side-effect  of  our  work  in  ammunition  storage,  we 
have  observed  during  the  last  few  years  that  the  underlying  way  of  think¬ 
ing  has  spread  to  other  areas  as  well;  first  to  the  related  area  of  ammu¬ 
nition  and  explosives  manufacture,  and  recently  also  to  such  areas  as 
military  optimization  and  protection  of  military  installations. 


Ladies  and  gentlemen,  each  nation  confronts  its  special  situation.  Thus, 
something  benefiting  one  nation  need  not  be  equally  effective  for  an¬ 
other.  I  suppose  that  this  also  applies  to  our  experience  with  risk 
management.  For  us,  it  has  been  consistently  positive  and  worthwile,  and  I 
hope  that  this  will  also  be  your  future  experience. 

Thank  you. 
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TURNING  POINT  TO  A  NEW  SAFETY  CONCEPT 


INCREASING  EXPLOSIVE  CONTENT 


MILITARY  READINESS  REQUIREMENTS 

•  Storages  Closer  to  Populated  Areas 

•  Mixed  Storage 


CONTINUING  URBANISATION 


FEATURES  OF  NEW  SAFETY  CONCEPT 


QUANTITATIVE  ASSESSMENT  OF  ACTUALLY 
EXPECTED  DAMAGE  THROUGH  RISK  ANALYSIS 


•  Realistic  Amount  of  Explosives  Involved 
In  an  Explosive  Event 


•  Realistic  Analysis  of  Explosion  Effects 


•  Realistic  Prognosis  of  Persons  Present 
In  Hazard  Zones 


REALISTIC  PROBABILITY 
CONSIDERATION  OF 
ACCIDENTAL  EXPLOSIONS 


EXPLICIT  CRITERIA  FOR 
ACCEPTABLE  RISKS 


COST-BENEFIT  ANALYSIS 


Figure  2 


GENERAL  EXPERIENCES  WITH  RISK  MANAGEMENT 


1.  RISK  MANAGEMENT  REQUIRES 
MANAGEMENT  INVOLVEMENT 


2.  RISK  MANAGEMENT  REQUIRES 
TIME  AND  PATIENCE 


3.  RISK  MANAGEMENT  REQUIRES  AN 
ATMOSPHERE  OF  MULTILATERAL 
TRUST  AND  CONFIDENCE 


Figure  3 


PRACTICAL  EXPERIENCES  WITH  RISK  MANAGEMENT 

COMPARING  RISK  SITUATIONS  OP  STORAGES 
IN  1078  AND  1088 


CTMUOK  BUT  ALL  ATK9NS 


Figure  4 


i 


22 


PRACTICAL  EXPERIENCES  WITH  RISK  MANAGEMENT 


COMPARING  SWISS  REGULATIONS  WITH 
NATO  SAFETY  PRINCIPLES 


•  20  Frattlandlng  Storages  in  a 
Actual  Region  In  Switzerland 


«  Required  Storage  Capacity 
In  Region :  2100  Tons 
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ADVANCING  TECHNOLOGY  AND  ITS  IMPACT  ON  EXPLOSIVES  SAFETY 

Introduction 


Ladies  and  Gentlemen,  it  ia  a  graat  honour  and  plaaaura  to  have  bean 
invited  to  apeak  at  this  22nd  Defense  Explosives  Safety  Seminar.  For 
that  I  thank  Colcnel  Bruce  Halatead  and  before  him  Captain  Otia  Brooks. 
My  subject  to-day  is  Advancing  Technology  and  its  iapact  on  Explosives 
Safety. 

•Stop  the  World  I  want  to  get  off  ia  a  well  known  saying  and  no  doubt 
there  are  aany  in  this  hall  today  who  have  at  one  tlae  or  another  have 
said  just  that.  But  technology  is  a  remorseless  Juggernaut  and  hard 
taakaaater  which  does  not  accept  coaplacency  and  Just  does  not  allow 
us  to  stop  the  world.  Over  the  years,  aost  nations  have  derived 
principles  which  if  adhered  to  during  weapon  design  and  eanufacture 
will  enable  the  weapon  to  be  assessed  as  safe  and  suitable  for  service 
and  indeed,  a  harmonised  set  of  such  principles  is  currently  being 
prepared  within  NATO.  Similarly,  national  and  international  guidelines 
for  the  safe  storage  and  transport  of  explosives  and  weapons  have  been 
generated.  My  talk  will  address  the  pressures  these  principles  and 
guidelines  are  facing  as  a  result  of  changing  technology  and  then  I 
intend  to  address  what  we  in  the  UK  are  doing  to  face  up  to  them. 

It  would  be  easy  for  a  safety  authority  to  lay  down  a  set  of 
principles  by  which  a  weapon  will  be  Judged  for  safety  and  then  to  say 
to  designers  either  you  obey  then  or  your  weapon  will  not  get  the 
clearances  it  needs  to  go  into  service.  Such  a  rigid  approach  is  only 
tenable  if  your  rules  are  seen  to  be  credible,  relevant  and  cost- 
effective  and  in  a  world  of  advancing  technology  and  increased 
competitiveness ,  this  is  rarely  possible.  Safety  authorities  have  to 
be  receptive  to  new  ideas,  though  not  so  receptive  as  to  be  changing 
principles  every  tlae  a  new  project  or  technical  advance  arises.  We 
have  to  achieve  a  fine  balance  -  if  we  are  too  conservative,  we  will 
be  regarded  as  an  irrelevant  barrier  to  progress  and  a  hindrance  to 
weapon  developeent  -  if  we  are  too  dynamic,  our  principles  will  have 
no  stability  or  proven  track  record  causing  confusion  and  muddle  and 
we  would  rightly  lose  credibility  as  a  safety  authority.  Nevertheless 
the  recent  disasters  in  the  world  this  year  serve  as  a  timely  reminder 
that  the  glitter  and  seductiveness  of  technology  can  blind  people  to 
safety  can  blind  people  to  safety  requirements  and  as  examples  I  show 
two  slides  which  record  the  disaster  at  Chernobyl  and  also  here  in  the 
US  the  tragedy  of  the  Shuttle  Challenger.  To  show  you  that  danger  is 
non  discrimatory  and  that  I  am  not  being  nationalistically  selective, 
the  next  slide  shows  UK's  most  notorious  safety  incident  of  the  last 
18  months  -  the  Bradford  fire  where  60  people  lost  their  lives  and 
five  times  that  number  were  injured  due  to  the  practise  of  out  of  date 
safety  procedures. 
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Juat  as  we  in  the  military  laarnt  a  great  deal  from  the  USS  Forres  till 
fire  -  indeed,  many  of  the  safety  tests  we  now  carry  out  on  weapons 
BLANK  stem  from  that  ineident  -  I  am  sure  that  many  lessons  will  be  learnt 
from  these  more  recent  disasters. 

In  the  military  explosives  world,  advancing  technology  is  giving  us 
increased  missile  accuracy  and  hence  we  are  seeing  a  trend  towards 
smaller  warheads  albeit  with  more  energetic  materials,  together  with 
larger  and  more  energetic  propellants  to  give  the  greater  speeds  and 
ranges  being  called  for.  The  transcending  trend,  however,  is  in  the 
advent  of  micro-computers .  No  self-respecting  weapon  is  without  its 
chips  and  software  and  more  and  more  they  are  being  used  for  safety 
critical  functions  in  missiles  and  ammunition. 

As  a  backcloth  to  these  trends  is  the  greater  public  awareness  of 
safety  generally  -  the  increase  in  single  issue  pressure  groups  is 
testimony  to  the  fact  that  western  society  is  not  prepared  any  longer 
to  be  treated  paternalistically  by  those  in  authority  but  wish  to  be 
part  of  the  consultative  process,  where  the  publics  we'l  being  is 
concerned.  This  same  public,  on  the  other  hand,  is  unhappy  to  see 
good  farming  or  building  land  being  left  fallow  because  explosives 
quantity  distance  rules  demand,  on  the  grounds  of  public  safety,  that 
sufficient  space  be  left  to  provide  a  safety  zone  surrounding 
explosives  concentrations  -  a  problem  I  suspect  which  is  more  acute  in 
crowded  Europe  than  here  in  the  USA.  Consequently,  Safety  Authorities 
have  now  to  be  even  more  careful  and  even  more  thorough  in  their 
deliberations  and  be  prepared  for  their  findings  to  be  justified  in 
open  debate. 

On  the  other  hand,  the  industrial  scene  presents  us  with  a  conflicting 
pressure.  Some  60%  of  UK's  contracts  these  days  are  fixed  price 
packages  to  cover  development  and  the  costs  of  the  first  production 
batch.  Within  these  packages  are  the  trials  analysis  and  hardware 
needed  to  enable  the  safety  authority  to  reach  its  independent  Judge¬ 
ment  on  safety.  That  judgement  at  the  end  of  the  day  is  subjective 
with  the  constraint  that  safety  cannot  readily  be  traded  off  against 
other  parameters  when  either  the  money  becomes  tight  or  the  schedule 
starts  to  slip.  In  the  competition  to  win  a  contract,  firms  generally 
gamble  on  success-oriented  programmes.  If  in  the  event,  results  of 
the  trials  are  negative  and  thus  have  to  be  repeated  after  some 
modification  to  the  design,  budget  problems  arise.  Consequently, 
commercial  pressure  is,  in  effect,  for  a  lowering  of  safety  standards  - 
an  inescapable  fact,  I  fear,  which  is  usually  hotly  denied  by  the 
companies  themselves. 

Nevertheless,  it  is  ay  opinion  that  the  public  is  winning  the  argument 
and  higher  standards  of  safety  are  being  called  for. 

In  support  of  that  judgement,  let  me  cite  the  demonstration  of  the 
safety  of  a  nuclear  waste  container  which  was  carried  out  by  the  UK's 
Central  Electricity  Generating  Board  in  1965.  The  aim  was  to  show 
SLIDE  that  the  container  was  virtually  indestructible.  To  this  end,  a  train 
5  was  obtained  from  British  Rail  and  deliberately  crashed  into  a  nuclear 
fuel  flask.  The  slides  form  a  series  of  snapshots  of  the  trial.  The 
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SLIM  train  plus  its  tnree  carriages  weighed  250  Tonnes  and  the  impcot 

6  velocity  was  100  mph.  The  flask  was  cuboid  in  shape  >  of  side  two  and 

SLIM  a  quarter  metres  long,  and  weighed  with  its  various  anoillaries,  some 

7  48  Tonnes.  After  the  impact  it  took  five  seconds  for  all  the 
components  Involved  in  the  crash  to  come  to  rest.  The  looomotive  was 
crushed,  the  carriages  were  badly  damaged  but  the  nuclear  flask  was 
funtionally  intact.  The  point  about  this  demonstration  was  that  it 
cost  a  considerable  sum  of  money  to  stage  and  had  very  little 
scientific  or  engineering  value.  It  was  put  on  as  a  Public  Relations 
Exercise  for  the  media  in  order  to  get  full  TV  and  press  coverage 
with  the  intention  of  favourably  influencing  public  opinions  towards 
the  expansion  of  UK  nuclear  generating  plant  and  reprocessing 
facilities.  As  the  Chairman  of  the  Central  Electricity  Generating  . 
Board  said  afterwards  "In  the  past,  people  have  had  to  take  our  word 
that  these  flasks  are  safe.  Now  they  can  see  for  themselves". 

These  factors  of  growing  public  awareness  and  industrial  competition 
make  it  more  important  than  ever,  that  those  of  us  in  the  safety  world 
anticipate  new  developments  so  that  we  are  prepared  accordingly  when 
they  are  presented  to  us  and  that  we  react  correctly  taking  due  regard 
of  public  opinion  as  well  as  of  military  considerations.  I  am  now 
SLIM  going  to  describe  some  examples  of  current  interest  to  the  UK  and  I 

8  have  chosen  software,  pyrotechnic  Initiated  ammunition,  seamlnes, 
submunitions  and  risk  analysis  as  illustrative  of  the  various  aspects 
of  the  problems  that  face  us.  Let  me  start  with  that  most  dramatic  of 
post  war  developments,  namely  electronics  and  software. 

Software 

Theue  have  been  several  recent  weapon  designs  in  which  safety  has  been 
invested  in  software.  A  particular  example  is  software  baaed  safety  and 
arming  mechanisms  in  guided  weapons  and  gun  ammunition.  UK  design 
principles  decree  that  these  mechanisms  should  be  designed  such  that, 
and  I  quote,  v'No  single  circumstance  can  result  in  arming  until  the 
spec  .fieri  arming  distance  is  reached".  This  implies  the  use  of  at 
leas,  two  safety  features  which  are  independent  and  which  are  operated 
by  separate  stimuli. 

Micro-computers  and  softva?'  providing  safety  functions  can  meet  this 
criterion,  provided  one  of  tne  aaf«ty  breaks  is  not  a  semi-conductor, 
but  even  so  we  have  had  to  develop  a  new  approach  for  validating  the 
software  where  it  is  in  * fiscs  providing  one  of  the  safety  features. 
Consequently,  the  UK  Ordnant  «  Board  gathered  together  a  cross-section 
of  the  software  expertise  that  was  available  and  as  a  result  of  their 
deliberations ,  guidelines  were  produced.  Ae  far  as  safety  critical 
3LIM  software  is  concerned  two  important  aspects  are  highlighted  -  the 

9  design  of  the  software  so  that  it  can  be  audited  by  an  independent 
authority  and  the  assessment  itself.  With  regard  to  the  design, 
several  principles  have  been  evolved  but  essentially  it  comes  down 
to  two  main  points. 

Firstly,  There  should  be  a  rigorous  software  requirement  specifica¬ 
tion  mathematically  defined  stating  unequivocally  the  required 
functions  of  the  software.  This  must  be  followed  by  a  system  design 


28 


A 


specification  stating  how  the  system  shall  perform  the  required 
functions,  subdividing  it  down  as  necessary  into  program  modules. 

These  in  turn  must  have  their  own  mathematical  requirement  specifi¬ 
cation  and  associated  design  specification. 

Secondly,  A  risk  analysis  shall  be  carried  out  module  by  module  and 
configuration  control  and  documentation  shall  be  to  the  highest 
standards. 

As  for  the  assessments,  discovery  of  software  errors  has  been  achieved 
traditionally  by  a  combination  of  pre-delivery  dynamic  testing  -  that 
is,  carrying  out  tests  with  a  range  of  inputs  and  monitoring  the 
outputs  for  correctness  -  and  post-delivery  customer  misfortune. 
However,  exhaustive  testing  is  considered  to  be  neither  theoretically 
nor  financially  possible,  while  partial  testing  is  inconclusive. 
Consequently,  we  have  decided  that  when  we  are  assessing  safety 
critical  software,  we  will  use  static  analysis  techniques  supplemented 
where  necessary  by  some  dynamic  testing. 

Let  me  say  something  about  static  analysis.  Static  analysis  is  a 
technique  for  finding  errors  in  computer  programmes  without  actually 
running  them.  On  the  control  front,  it  will  reveal  false  entry  points, 
including  unreachable  instructions,  unwanted  exit  points  including 
those  known  to  the  trade  as  black  holes  etc.  As  far  as  data  is 
concerned,  it  will  identify  data  used  but  not  set,  data  set  but  not 
later  used  and  so  on.  On  the  semantic  front,  it  reveals  algebraic 
formulae  relating  output  to  input  and  these  may  be  compared  with  the 
specification.  Thus,  software  bugs  will  have  been  systematically 
rooted  out  before  the  software  is  used  in  anger  in  a  quick,  effective 
and  economical  manner. 

Nevertheless ,  we  still  believe  it  advisable  to  carry  out  a  limited 
amount  of  dynamic  testing  after  the  static  analysis  but  such  testing 
will  be  minimal  and  only  sufficient  to  confirm  that  the  software 
indeed  functions  as  intended  and  has  been  effectively  debugged. 

It  cannot  be  over  emphasised  that  a  precursor  to  this  approach,  is  the 
need  for  rigourously  structured  software  in  a  modular  form.  Indeed, 
our  current  major  activity  in  this  field  is  persuading  industry  and 
our  contractors  who  are  being  required  to  operate  in  a  very  competi¬ 
tive  climate  to  adapt  to  this  approach  with  the  discipline  it  implies. 

The  static  analysis  techniques  I  have  described  are  the  culmination  of 
a  decade  of  research  at  the  Royal  Signals  and  Radar  Establishment  at 
Malvern  and  at  Southampton  University.  Two  sets  of  software  tools  are 
now  commercially  supported:  MALPAS  marketed  by  Rex,  Thompson  and 
Partners  of  Farnham,  Surrey  and  SPADE  marketed  by  Program  Validation 
Ltd  of  Southampton.  For  maximum  efficiency  these  tools  should  be  used 
during  the  actual  software  development  process  and  it  is  claimed  that 
the  checking  out  procedure  is  ten  times  faster  than  the  writing  pro¬ 
cess. 

Having  a  set  of  proven  software  is  only  of  benefit  to  safety,  if  the 
hardware  it  runs  on  is  also  functionally  correct.  Work  has  been 
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progressing  in  the  UK  on  the  fores 1  specification  of  hardware  and  the 
mathematical  aethods  -  methods  using  the  same  static  analysis  concept 
as  for  software  -  which  are  needed  to  prove  that  the  implementation  of 
such  specifications  are  correct  under  all  circumstances.  This  has 
lead  to  the  development  of  VIPER,  a  new  32-bit  micro-processor ,  spec¬ 
ifically  designed  for  safety  applications  and  with  software  which  is 
particularly  amenable  to  static  analysis.  Many  safety,  arming  and 
fuzing  systems,  however,  do  not  require  the  complexity  of  micro¬ 
processor  based  systems,  but  the  same  techniques  of  hardware  verifica¬ 
tion  are  equally  applicable  to  custom  VLSI  designs.  I  do  have  some 
handouts  on  the  static  analysis  tools,  MALPAS  and  SPADE,  which  I  will 
be  pleased  to  hand  out  to  anyone  interested. 

Pyrotechnic  Initiated  Ammunition 

SLIDE 

10  As  the  second  example,  I  Lave  chosen  pyrotechnic  initiated  ammunition 
which  is  at  the  cheaper,  mass-produced  end  of  the  weapon  scale  in 
contrast  to  the  expensive  guided  weapons  which  tend  to  have  the  type 
of  software  about  which  I  have  just  spoken.  Pyrotechnic  initiated 
ammunition,  is  usually  of  the  smaller  calibre  variety  ( lamm-JlOmio) 
whose  warhead  is  initiated  on  impact,  by  the  heating  of  the  initiating 
compositions  in  the  nose.  This  in  turn  acts  as  a  booster  to  the  main 
charge.  These  initiating  compositions  are  more  sensitive  than  Tetryl 
and  according  to  the  safety  principles  to  which  the  UK  work,  should 
therefore  be  separated  from  the  main  oharge  by  a  mechanical  shutter. 
Clearly,  in  this  type  of  ammunition  which  does  not  even  have  a  Safety 
and  Arming  mechanism,  this  criterion  is  not  being  met.  Consequently, 
to  avoid  throwing  out  the  concept  which  has  the  advantage  of  being 
cheaper  and  more  effective  than  its  conventionally  fused  HE 
equivalent,  we  are  carrying  out  a  set  of  safety  and  environmental 
trials  which  of  necessity  need  to  be  more  extensive  than  for  conven¬ 
tionally  fuzed  HE  ammunition.  If  after  this  thorough  examination,  we 
are  satisfied  that  the  pyrotechnic  initiated  ammunition  is  no  less 
safe  than  the  conventionally  fused  round,  we  will  of  course  pass  it. 

In  the  course  of  this  work,  other  related  aspects  have  been  high¬ 
lighted.  For  example,  the  use  of  impact  sensitivity  as  the  dominant 
criterion  upon  which  to  assess  the  sensitivity  of  an  explosive  com¬ 
position  in  relation  to  Tetryl  has  been  called  into  question.  The 
advent  of  Pyrotechnic  Initiated  Ammunition  has  certainly  stirred  up 
much  debate  in  the  UK  and  alsewhere  on  the  wider  issues  of  sensitivity 
of  explosives  and  the  UK  is  now  prepared  to  use,  where  appropriate,  a 
range  of  tests  to  assess  the  explosive  sensitivity  of  a  composition  in 
the  actual  configuration  in  the  armament  in  which  it  will  be  used. 

Sea  Mines 

SLIDE 

11  Changing  track  now  to  the  sea  or  more  specifically  undersea.  I  would 
like  to  address  the  safety  problems  associated  with  sea  mines.  I 
don't  suppose  many  of  you  know  much  about  the  intricacies  of  Interna¬ 
tional  Maritime  Law  but  we  have  had  cause  to  look  into  it  reasonably 
closely  because  of  UK's  interest  in  modern  Sea  Mines. 

The  Hague  convention  No  VIII  of  1907  and  other  subsequent  interna¬ 
tional  agreements  require  that  dangerous  mine  fields  must  be  declared, 


30 


and  that  subsequently,  after  the  requirement  for  them  ceases,  they 
must  be  made  safe.  However,  one  of  the  operational  characteristics 
which  has  been  made  possible  by  modern  technology,  is  for  a  mine  to 
remain  inactive  and  therefore  safe  to  shipping  for  a  controlled  but 
variable  period  after  deployment  with  the  aim  -  so  the  argument 
goes  -  that  it's  presence  need  not  be  declared  until  shortly  before  it 
is  made  active.  During  that  interim  period,  shipping  of  various 
nations  may  pass  within  the  lethal  zone,  so  it  is  clearly  essential 
that  any  such  mine  should  have  a  very  high  level  of  safety  during  it's 
inactive  period.  Similarly,  a  very  high  level  of  reliability  is 
required  for  the  sterilisation  facilities  that  are  being  asked  for  - 
namely  facilities  which  vnable  an  armed  minefield  to  be  'switched  off' 
and  in  due  course  be  declared  safe. 

There  is  no  doubt  that  mines  can  be  designed  these  days  which  can  be 
switched  on  and  switched  off  at  will  and  do  other  clever  things  using 
modern  technology,  but  the  serious  international  implication  of  an 
undeclared  mine  exploding  will  require  special  consideration  by  any 
Government  wishing  to  deploy  such  live  mines  in  the  inactive  state 
without  declaring  them.  Acceptability  of  such  an  action  will  depend 
very  much  on  the  circumstances  prevailing  at  the  time.  We  do  not 
believe  safety  authorities  can  determine  how  safe  is  safe  under  these 
circumstances.  For  this  reason,  the  UK  are  taking  the  line  that  we 
will  assess  the  safety  of  the  mine  during  the  inactive  period  and 
sterilisation  period  against  the  same  standards  as  we  use  for  the  mine 
before  its  deployment  from  the  parent  vehicle.  It  is  then  the 
Governments'  and  its  military  forces  Derogative  to  interpret  such  a 
statement  in  what  ever  manner  they  see  fit,  in  the  light  of  the 
political  and  military  situation  pertaining  at  the  time. 

Sub-munitions 

SLIDE 

12  So-called  maintenance  free  weapons  is  another  development  which  modern 
technology  is  now  making  possible  and  as  an  example  I  have  chosen  sub¬ 
munitions.  I  define  sub-munitions  as  the  smaller  munitions  contained 
in  one  larger  weapon.  Typical  are  the  airfield  runway  destruction 
weapons  such  as  the  UK's  JP233  wh.  ch  is  loaded  as  one  weapon  onto  the 
aircraft  and  when  over  the  target  fires  off  a  multitude  of  sub¬ 
munitions,  some  to  crater  the  runway  and  the  rest  to  act  as  anti¬ 
personnel  devices.  A  modern  trend  with  these  and  other  such 
complicated  weapons  is  to  take  advantage  of  the  greater  reliability  of 
modern  electronics  in  the  laudable  attempt  to  design  them  as  'wooden* 
rounds  so  that  once  they  have  left  the  factory  they  require  no 
maintenance.  The  inability  to  breakdown  such  munitions  has 
implications  for  safety  because  there  is  no  reasonable  way  in  which 
the  sub-munitions  can  undergo  a  surveillance  programme  for  safety  in 
the  course  of  its  life.  Incorporation  of  modifications,  disposal  of 
munitions  at  the  end  of  their  service  life  and  investigation  of 
munition  defects  and  accidents,  all  require  the  munition  to  be  broken 
down.  As  this  has  implications  for  safety  we  are  suggesting  to 
designers  that  means  of  access  into  weapons  needs  to  be  provided  even 
if  it  means  returning  the  weapon  to  a  base  depot  or  even  the  original 
manufacturer. 
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Risk  analysis 

SLIDE 

13  As  a  final  example  and  leaving  the  consideration  of  individual 

weapons,  I  wish  to  change  to  the  area  of  mass  storage  of  weapons  and 
introduce  the  work  we  are  doing  on  risk  analysis.  I  mentioned  in  my 
opening  remarks  how  the  application  of  quantity  distance  rules  could 
cause  conflict  with  the  public  whom  they  are  designed  to  protect,  by 
making  demands  on  scarce  land  resources.  Consequently,  we  have  put  in 
hand  a  so  called  Hazard  and  Risk  study  with  the  Royal  Military  College 
of  Science.  The  aim  of  the  study  is  to  derive  a  methodology  for  use 
when  licensing  an  explosives  facility  which  introduces  a  ’risk’  factor 
into  the  assessment.  At-  present  the  quantity  distance  rules  assume 
that  at  some  time  an  explosion  will  occur  but  protects  the  public  by 
ensuring  that  the  resulting  effects  of  the  explosion  are  confined 
within  a  'cordon  sanitaire*.  Dr  Rees  will  be  describing  these 
procedures  in  his  talk  on  quantity  distances  later  in  the  seminar. 

Of  course,  there  are  things  you  can  do  to  make  an  exploding  mass  safe 
or  at  any  rate  safer.  Technology,  using  such  principles  as  unitisation 
of  stores,  new  building  designs,  chemicals  to  quench  liquid  propellant 
explosives,  has  advanced  to  an  extent  whereby  there  are  practical 
means  of  reducing  quantity  distances  if  you  are  prepared  to  pay  for 
them.  To  some  extent  this  means  putting  a  price  on  safety,  which  may 
appear  cold  blooded  where  human  lives  are  concerned  but  it  has  to  be 
done  for  any  hazardous  activity  where  the  budgets  are  limited.  The 
settlement  in  the  Bhophal  disaster  in  India  will,  I  believe,  cost 
Union  Carbide  at  least  $350m.  If  the  company  had  replaced  the  safety 
equipment  along  the  lines  of  the  research  to  which  they  contributed  had 
inidcated,  they  would  have  spent  only  about  $1m  and  killed  far  fewer 
people  -  such  is  the  wisdom  of  hindsight. 

It  is  this  trade  off  between  the  cost  of  accidents  political  as  well 
as  financial  against  the  cost  of  their  prevention  which  is  at  the 
centre  of  hazard  and  risk  assessment.  Crucial  is  the  estimation  of 
the  likelihood  of  an  accident  occuring  in  the  first  place  together 
with  an  agreed  definition  of  what  is  an  acceptable  risk.  I  am  not 
going  to  comment  on  the  matter  any  further  as  Professor  Hartley  who  is 
leading  the  UK  study  on  the  derivation  of  a  risk  methodology,  is 
presenting  a  paper  on  the  subject  later  in  the  conference. 

Conclusion 

BLANK 

SLIDE  Let  me  sum  up.  I  have  given  some  examples  where  technology  is  taking 
us  into  uncharted  seas  and  there  are  many  other  areas  on  which  time 
does  not  permit  me  to  dwell.  Nevertheless,  I  hope  you  have  been  able 
to  obtain  some  understanding  of  how  we  in  the  UK  are  responding  to  the 
challenge  of  remaining  a  credible  safety  authority  in  an  age  whure 
public  awareness  and  sensibilities  need  to  be  increasingly  taken  into 
account,  where  industrial  competition  is  becoming  fiercer  and  where 
technology  is  forcing  us  to  look  into  new  methods  of  working  and  new 
standards. 
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Future 


Whet  of  the  Future?  The  competitive  element  these  days  in  weapon 
procurement  contracts  has  accelerated  a  long  standing  post  World  War 
II  trend  of  reducing  the  hardware  available  for  safety  trials  and 
consequently  a  greater  reliance  having  to  be  placed  on  paper  analysis, 
modelling  and  assessments.  In  the  old  days,  it  was  possible  to  use  a 
statistically  significant  number  of  rounds  of  ammunition,  say,  to  give 
a  practical  demonstration  of  safety  but  sophisticated  and  expensive 
stores  such  as  Guided  Weapons  and  torpedoes  have  made  this  quite 
impractical  and  for  some  time  now,  we  have  had  to  be  content  with 
having  perhaps  just  one  store  available  for  a  particular  safety  test 
such  as  the  12m  drop.  The  results  of  such  tests  can  at  best  only  give 
safety  authorities  a  warm  feeling  in  their  stomach  that  their 
judgement  is  correct.  In  recognition  of  this  trend,  I  would  like  to 
SLIDE  see  work  going  ahead  on  two  fronts.  First,  much  more  R&D  effort  put 
into  methods  of  prediction  of  weapon  safety  characteristics.  The  aim 
should  be  to  arrive  at  a  situation  whereby  the  study  of  the  chemical 
and  physical  properties  of  an  explosive,  its  containment  within  a 
weapon  and  the  environment  with  which  it  has  to  contend,  could  lead  to 
a  confident  prediction  as  to  its  response  to  fire  or  dropping  or 
whatever  without  actually  having  to  destroy  expensive  hardware  in  the 
process.  In  fact,  we  are  already  some  way  down  the  road  as  we  can 
predict  with  reasonable  precision  how  long  some  explosive  stores  must 
be  exposed  to,  for  example,  a  fuel  fire  before  an  energetic  reaction 
is  produced,  and  it  may  be  possible  before  very  long  to  predict  how 
violent  that  reaction  will  be.  Secondly,  in  the  tests  that  we  do  have 
to  carry  out,  we  need  to  ensure  that  we  get  the  maximum  information 
out  of  the  tests  not  only  by  better  instrumentation  and  by  non¬ 
destructive  techniques  but  also  by  interpreting  safety  in  its  widest 
sense,  so  that  even  when  stores  safely  withstand  a  drop  or  a  fire  we 
know  by  what  margin  that  safety  was  achieved.  The  data  obtained  from 
this  second  thrust  would  of  course,  support  the  first.  My  scientific 
colleagues  tell  me  that  I  am  an  impractical  misty  eyed  idealist  and 
that  there  really  is  no  substitute  for  trials.  So  ladies  and 
gentlemen,  I  leave  you  with  that  challenge  and  thank  you  for  listening 
to  me  so  patiently.  \ 


I 
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GOOD  MORNING  LADIES  AND  GENTLEMEN, 


AS  THE  DEPUTY  ASSISTANT  SECRETARY  OF  DEFENSE  FOR  FAMILY 
SUPPORT,  EDUCATION  AND  SAFETY,  IT  IS  INDEED  MY  PLEASURE  TC  SEE 
SUCH  A  LARGE  ATTENDANCE  AT  THIS  IMPORTANT  EXPLOSIVE  SAFETY 
SEMINAR.  THIS  TURNOUT  IS  PARTICULARLY  GRATIFYING  TO  ME  BECAUSE 
THE  PURPOSE  FOR  MY  BEING  HERE  TODAY  IS  TO  PRESENT  A  POSTHUMOUS 
DOD  SERVICE  AWARD  TO  THE  INDIVIDUAL  TO  WHOM  WE  ARE  DEDICATING 
THIS  SEMINAR,  DR.  THOMAS  A.  ZAKER. 

BEFORE  I  CONTINUE,  LET  ME  ASSURE  YOU  THAT  I  HAVE  ABSOLUTELY 
NO  INTENTION  OF  "PREACHING  TO  THE  CHOIR."  I  RECOGNIZE  THAT 
GATHERED  HERE  TODAY  ARE  SOME  OF  OUR  BEST  TECHNICAL  ADVISORS  AND 
EXPERTS  IN  THE  FIELD  OF  EXPLOSIVE  SAFETY.  I  WILL  TAKE  ADVANTAGE 
OF  THIS  OPPORTUNITY,  HOWEVER,  TO  REPEAT  SOMETHING  THAT  I'M  SURE 
YOU  ALREADY  KNOW  -  THAT  WE  RELY  HEAVILY  ON  YOUR  TECHNICAL 
EXPERTISE.  I  AM  THEREFORE  VERY  HAPPY  TO  SEE  YOU  HERE  TODAY. 

YOUR  ATTENDANCE  AT  THIS  SEMINAR  INDICATES  A  HIGH  LEVEL  OF 
COMMITMENT  AND  DESIRE  TO  KEEP  ABREAST  OF  CURRENT  DEVELOPMENTS  IN 
YOUR  FIELD.  AS  INFORMATION  IS  SHARED  DURING  THE  VARIOUS  SESSIONS 
OF  THIS  SEMINAR,  THE  KNOWLEDGE  YOU  WILL  GAIN  AND  THE  USE  OF  THAT 
KNOWLEDGE  BACK  AT  YOUR  ACTIVITY  WILL,  I  AM  SURE,  MAKE  MY  JOB 
EASIER, 


THE  DEVELOPMENT,  MANUFACTURING,  STORAGE,  TRANSPORTATION, 
HANDLING  AND  DISPOSAL  OF  AMMUNITION  AND  EXPLOSIVES,  SAFETY  IS 
A  RESPONSIBILITY  OF  PARAMOUNT  IMPORTANCE  TO  ME  AND  TO  THE 
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ASSISTANT  SECRETARY  OF  DEFENSE  FOR  FORCE  MANAGEMENT  AND 
PERSONNEL,  MR.  CHAPMAN  B.  COX.  WE  STRONGLY  SUPPORT  YOUR  EFFORTS 
AND  THOSE  PROGRAMS  WHICH  CONTRIBUTE  TO  THE  OPTIMUM  DEGREE  OF 
SAFETY  ASSOCIATED  WITH  ALL  ASPECTS  OF  THE  PRODUCTION,  HANDLING, 
AND  CONSERVATION  AND  TRANSPORTATION  OF  AMMUNITIONS  AND 
EXPLOSIVES. 

THE  DOD  EXPLOSIVES  SAFETY  PROGRAM  ATTEMPTS  TO  PROVIDE  THIS 
DEGREE  OF  SAFETY  BY  PROVIDING  A  DISCIPLINED  APPROACH  TO  IDENTIFY, 
EVALUATE,  AND  ELIMINATE  OR  CONTROL  HAZARDS  WITHIN  TWO  MAJOR 
CONSTRAINTS  OF  OPERATIONAL  EFFECTIVENESS,  TIME  AND  COST. 

EXPLOSIVES  SAFETY  PROFESSIONALS  LIKE  DR.  ZAKER  AND 
YOURSELVES,  BOTH  IN  GOVERNMENT  AND  IN  INDUSTRY,  CONTRIBUTE 
SIGNIFICANTLY  TO  THE  DEFENSE  OF  THIS  NATION.  YOU  DO  THIS  THROUGH 
THOSE  EFFORTS  THAT  LEAD  TO  A  LONG-RANGE  EFFECT  ON  THE  AMMUNITION 
AND  EXPLOSIVES  PRODUCTION  BASE  AND  OUR  NATIONAL  RESOURCES,  COMBAT 
CAPABILITY,  AND  RESPONSIVENESS  WHICH  ARE  ESSENTIAL  IN  MAINTAINING 
THIS  COUNTRY'S  DEFENSE  POSTURE.  EXPLOSIVES  SAFETY  PROFESSIONALS 
TRULY  DESERVE  A  GREAT  DEAL  OF  THANKS  AND  APPRECIATION  FOR  WHAT 
THEY  HAVE  ACCOMPLISHED.  WHEN  YOU  STOP  TO  CONSIDER  THE  LARGE 
NUMBF,,  JF  WEAPON  SYSTEMS  WE  HAVE  WITHIN  DEFENSE,  "THE  RELATIVELY 
LOW  FREQUENCY  OF  MISHAPS  AND  THEIR  LIMITED  EFFECTS  WHEN  THEY  DO 
OCCUR,  CLEARLY  INDICATE  THAT  WE  ARE  DOING  A  LOT  OF  THINGS  RIGHT 
BUT  THERE  IS  ALWAYS  ROOM  FOR  IMPROVEMENT  -  ONE  LIFE  LOST  IS  TOO 
MANY.  THE  INDIVIDUAL  WE  HAVE  DEDICATED  THIS  SEMINAR  TO  AND  WHO 
WE  ARE  ONO-.  '  TODAY  HAS  PLAYED  A  MAJOR  ROLE  IN  THIS 
ACCOMPLISHMENT. 
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I  WOULD  LIKE  TO  BRIEFLY  ADDRESS  SEVERAL  ELEMENTS  WITHIN  THE 
EXPLOSIVES  SAFETY  PROFESSION  AND  HOW  THEY  RELATED  TO  DR.  ZAKER'S 
CAREER.  THESE  ELEMENTS  ARE  ENGINEERING  AND  SAFETY  STANDARDS. 

IT  IS  IMPOSSIBLE  TO  OPERATE  ANY  PROGRAM  WITHOUT  SPECIFIC 
GUIDELINES.  THE  SET  OF  EXPLOSIVES  SAFETY  STANDARDS  IS  OUR  GUIDE 
FOR  OPERATING  AN  EFFECTIVE  EXPLOSIVES  SAFETY  PROGRAM.  TO  BE 
EFFECTIVE,  STANDARDS  DO  NOT  HAVE  TO  BE  CARVED  IN  STONE,  BUT  THEY 
MUST  BE  DYNAMIC  AND  ABLE  TO  CHANGE  AS  KNOWLEDGE  AND  EXPERIENCE 
ARE  GAINED  FROM  SCIENTIFIC  AND  ENGINEERING  PROGRAMS.  IN 
CONSIDERING  THE  ENGINEERING  ELEMENT,  THAT  ASPECT  OF  ENGINEERING 
WHICH  FIRST  COMES  TO  MIND  IS  THAT  WHICH  IS  CONCERNED  WITH 
BALANCING  OPTIMUM  SAFETY  WITH  EFFECTIVENESS  AND  COST  IN  THE  AREA 
OF  FACILITY  SITES,  DESIGN,  CONSTRUCTION  AND  LAYOUT  OF  OPERATIONS. 
EQUALLY  IMPORTANT,  HOWEVER,  IS  THAT  ASPECT  WHICH  DEALS  WITH  THE 
MACHINERY,  EQUIPMENT,  TOOLS  AND  MATERIALS  USED  IN  THE  LOGISTIC 
LIFE  CYCLE  OF  AMMUNITION  AND  EXPLOSIVES. 

DR.  THOMAS  A.  ZAKER,  DURING  HIS  SIXTEEN  YEARS  ON  THE 
DEPARTMENT  OF  DEFENSE  EXPLOSIVES  SAFETY  BOARD,  WAS  ACTIVELY 
INVOLVED  IN  THE  CONTINUOUS  IMPROVEMENT  OF  OUR  EXPLOSIVES  SAFETY 
STANDARDS.  HIS  VIGOROUS  EFFORTS  IN  THE  INTEREST  OF  EXPLOSIVES 
SAFETY  ADVANCED  OUR  NATION'S  DEFENSE  IN  TWO  IMPORTANT  WAYS  -  BY 
ENHANCING  READINESS  AND  SAFETY  AND  BY  REDUCING  COSTS. 

BY  INCORPORATING  INTO  THE  STANDARDS  QUANTITATIVE  DATA 
OBTAINED  FROM  THE  RESULTS  OF  TESTS  AND  STUDIES  SPONSORED  BY 
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THE  EXPLOSIVES  BOARD,  DR.  ZAKER  REFINED  THE  EXPLOSIVES  SAFETY 
QUANTITY-DISTANCE  STANDARDS  FOR  EARTH-COVERED  MAGAZINES.  THE 
PURPOSE  OF  THESE  STUDIES,  WHICH  WERE  CONDUCTED  UNDER  MIS¬ 
DIRECTION,  WAS  TO  ACCOUNT  FOR  THE  STRUCTURAL  DEBRIS  HAZARD 
WHICH  RESULTS  FROM  SMALL  QUANTITIES  OF  EXPLOSIVES  AND  FOR  THE 
SUPPRESSION  OF  AN  EXPLOSIVE  BLAST  BY  THE  EARTH'S  COVER.  IN 
APPLYING  THE  FINDINGS  OF  THESE  STUDIES,  DR.  ZAKER  ALSO  DEVELOPED 
EXPLOSIVES  SAFETY  QUANTITY-DISTANCE  STANDARDS  FOR  DOD  AMMUNITION 
AND  EXPLOSIVES  ACTIVITIES  IN  THEATERS  OF  OPERATION  OUTSIDE  THE 
UNITED  STATES  WHERE  GROUND  AND  AIR  UNITS  ARE  REQUIRED  TO  MAINTAIN 
A  HIGH  STATE  OF  READINESS.  THE  APPLICATION  OF  THESE  STANDARDS 
WILL  RESULT  IN  SAFER  AND  MORE  ECONOMICAL  UTILIZATION  OF  STORAGE 
FACILITIES.. 

DR.  ZAKER  ALSO  DEVELOPED  RECOMMENDATIONS  FOR  METHODS  OF 
CONTROLLING  EXPLOSION  EFFECTS.  UNDER  HIS  GUIDANCE,  PRINCIPLES 
WERE  ALSO  ESTABLISHED  FOR  THE  PROTECTION  OF  WORKERS  ENGAGED  IN 
THE  PROCESSING  AND  MANUFACTURING  OF  AMMUNITION  AND  EXPLOSIVES 
FROM  THE  BLAST,  FRAGMENTS  AND  THERMAL  HAZARDS  OF  SUCH  MATERIALS. 
AS  A  RESULT,  SAFETY  STANDARDS  WERE  ISSUED  REQUIRING  PERSONNEL 
PROTECTION  FROM  SUCH  HAZARDS  THROUGH  FACILITY  AND  EQUIPMENT 
DESIGN  FEATURES. 

UNDER  DR.  ZAKER' S  LEADERSHIP,  THE  EXPLOSIVES  SAFETY  BOARD 
TECHNICAL  PROGRAMS  DIVISION  SUPERVISED  AND  COORDINATED  THE 
EXTENSIVE  REVISION  AND  EXPANSION  OF  THE  TRISERVICE  DESIGN  MANUAL, 


38 


"STRUCTURES  TO  RESIST  THE  EFFECTS  OF  ACCIDENTAL  EXPLOSIONS." 

THIS  MANUAL,  FIRST  ISSUED  IN  1969,  IS  A  HIGHLY  REGARDED  STANDARD 
REFERENCE  FOR  DESIGNERS  OF  STRUCTURES  TO  RESIST  EXPLOSION  LOADS. 
THE  NEW  COVERAGE  AND  METHODS  WILL  RESULT  IN  SIGNIFICANT  ECONOMIES 
IN  FUTURE  DESIGNS  OF  FACILITIES  FOR  AMMUNITION  STORAGE  AND  IN  THE 
MANUFACTURING  OF  AMMUNITIONS  WITHOUT  COMPROMISING  EXPLOSIVES 
SAFETY. 
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ABSTRACT 

*“*The  Air  Force  Armament  Laboratory  (AFATL)  is  developing  an  insensitive 
high  explosive  (IHE)  for  use  in  general  purpose  bombs.  I  HE  will  improve 
operational  readiness  by  increasing  munitions  storage  density  at  no 
additional  risk.  IHE  candidates  are  tested  for  thermal  stability,  shock 
sensitivity  and  initiability  prior  to  full  scale  testing.  Subsequent  full 
scale  evaluation  includes  the  following  series  of  tests: 


Sympathetic  detonation  test^ 
Fast  cook  off  (Bonfire)  test; 
Slow  cook  off  test^ 

Sled  impact  test 
Bullet  impact  test; 

Fuel  fire  test^hy. 

Arena  performance  testing. 


The  Air  Force  uses  state-of-the-art  instrumentation  techniques  to 
accomplish  these  tests.  This  paper  describes  these  techniques  and  test 
procedures  leading  to  the  IHE  qualification  of  explosives^,. 
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INTRODUCTION 


The  maximum  amount  of  explosives  permitted  at  any  location  relative  to 
inhabited  buildings  and  public  traffic  routes  is  prescribed  by  the  quantity/ 
distance  (Q/D)  requirements  in  APR  127-100  (Reference  1).  In  populated 
regions  and  in  areas  where  real  estate  is  limited,  Q/D  criteria  severely 
restrict  the  quantity  of  munitions  stored  on  Air  Force  Installations.  The 
primary  concern  in  these  areas  is  mass  detonation  of  munitions  stockpiles. 

As  shown  in  Table  I,  the  introduction  of  Insensitive  High  Explosives  (IHE) 
ammunition  into  the  inventories  will  significantly  increase  the  allowable 
storage  quantities,  thereby  improving  operational  readiness  and  sustain- 
abi lity. 


TABLE  I. 

STORAGE  ADVANTAGES  OF  IHE 

Quantity 

Structure 

Present  Radius  to 
Inhabited  Building 

IHE  Radius 
to  Inhabited 
Building 

500,000  lbs 

Igloo/Bldg  (IHE) 

3970  ft 

600  ft 

MK82  Pallet 

Open 

1240  ft 

65  ft 

To  be  labelled  as  IHE  ammunition,  an  explosive  item  must  be  able  to 
withstand  any  severe  environment  to  which  it  might  be  exposed  during  its 
life  cycle  without  aco'j. dentally  detonating.  Additionally,  an  IHE  item 
must  be  able  to  survive  the  detonation  of  an  intentionally  detonated  item 
without  sympathetic  de  -onation.  These  environments  are  simulated  by  the 
qualification  tests  for  IHE  ammunition  (Reference  2).  These  tests  and 
the  corresponding  required  results  are  shown  in  Table  II.  The  required  results 
are  ch iracterized  in  the  following  manner. 

A  detonation  is  the  most  violent  reaction  achievable  by  an  explosive  item. 
It  produces  the  maximum  possible  air  shock,  resulting  in  blast  and  fragment 
damage.  In  a  detonation,  all  of  the  contained  explosive  participates  in 
the  reaction  and  the  casewall  is  broken  into  small,  highly  stressed  and 
sheared  fragments.  A  detonation  is  a  propagating  reaction;  it  can  be 
transferred  from  one  item  to  another. 

An  explosive  is  not  as  severe  as  a  detonation.  Nonetheless,  it  results  in 
a  violent  pressure  rupture  of  the  munition  casewall  and  air  shock.  Larger 
fragments  and  unreacted  or  burning  explosives  are  typically  recovered  from  an 
explosion.  This  type  of  reaction  is  non -propagating. 

The  burning  reaction  required  in  the  slow  cook  off  is  relatively  mild.  An 
explosive  item  which  burns  produces  no  casewall  fragments.  The  system  merely 
vents  and  the  explosive  is  consumed  in  place. 
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TABLE  II.  IHE  AMMUNITION  CRITERIA 


Test  Required  Result 

Bullet  Impact  No  Detonation 

Sled  Impact  No  Detonation 

Fast  Cook  off  (Bonfire)  No  Detonation 

Slow  Cook  off  No  Detonation  or  Explosion 

Propagation  No  Propagation  of  Detonation 

in  Storage  Configuration 

In  addition  to  the  five  tests  listed,  the  Air  Force  also  performs  a  fuel- 
fire  fast  cookoff  to  determine  item  survivability  in  this  high  temperature 
setting  and  arena  tests  to  characterize  the  overall  effectiveness  of  items 
filled  with  candidate  explosives. 

The  U.S.  Air  Force  methodology  for  developing  and  testing  IHE  candidates  is 
the  subject  of  this  article.  The  evaluation  techniques,  which  employ  state-of- 
the-art  instrumentation  to  acquire  the  necessary  parameters,  are  discussed  in 
detail. 


DEVELOPMENT  PROCESS 


The  Air  Force  development  strategy  for  Insensitive  High  Explosive  (IHE) 
candidates  is  illustrated  in  Figure  1. 


Figure  1.  Insensitive  High  Explosives  Development  Cycle 

A  team  of  chemists  and  chemical  engineers  conduct  processing  studies  and 
chemical  compatability  experiments  (Differential  Scanning  Calorimetry, 
Chemical  Reactivity  Tests,  Thermogravimetric  Analysis,  and  Henkin  Time-To- 
Explosion  experiments)  on  very  small  explosive  samples  during  the 
formulation  process.  Impact  sensitivity  tests  are  then  conducted  with  a  5-kg 
drop  hammer. 
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Data  from  these  experiments  are  reviewed  by  a  safety  committee.  The 
committee's  approval  grants  authority  to  perform  a  one  liter  cook  off.  This 
cook  off  is  conducted  to  confirm  the  predicted  time  to  explosion  and  critical 
temperature.  Scale  up  is  attempted  only  upon  confirmation  of  the  parameters 
measured  in  the  small  scale  tests. 

Intermediate  scale  tests  are  conducted  next  to  further  characterize  the 
experimental  explosive.  Shock  sensitivity  and  booster  tests  are  performed  in 
8-in.-dia meter  cans  to  ensure  the  formulation  of  interest  can  survive 
realistic  shock  inputs  and  remain  reliably  initiable.  Critical  diameter  is 
established  to  ensure  that  the  formulation  is  detonable  and  the 
measurements  of  shock  sensitivity  are  valid.  Modest  changes  in  the 
formulation  are  allowed  during  this  phase  of  testing  to  achieve  the  desired 
sensitivity/booster  thresholds. 

Once  a  baseline  formulation  meets  the  threshold  requirements,  full  scale 
testing  can  begin.  Sympathetic  detonation  and  full  scale  slow  cook  off  are 
considered  the  most  critical  tests  and  are  conducted  first.  The  bomb  fill 
must  pass  both  of  these  tests  before  proceeding  with  bullet  impact,  fast 
cook  off,  arena  (performance)  and  sled  impact  testing.  (If  the  formulation 
has  difficulty  surviving  the  slow  cook  off  test  in  the  existing  hardware, 
mechanical  modifications  to  provide  pressure  relief  may  be  attempted 
(Reference  3).  When  all  of  the  I HE  criteria  prescribed  by  DoD-STD-6055.9  are 
achieved  in  single  item  tests,  the  multiple  item  qualification  tests  are 
addressed. 

This  development  approach  provides  an  efficient  method  for  downselecting 
from  several  candidate  formulations.  It  is  the  dynamic  product  of  lessons 
learned  over  years  of  explosive  development.  This  methodology  greatly 
abbreviates  the  normal  interim  qualification  process  since  those  explosive 
systems  under  consideration  as  I HE  are  mixtures  of  well  characterized  explosives. 
A  more  cautious  approach  is  employed  for  those  candidates  which  lack  a  significant 
development  basis. 


SHOCK  SENSITIVITY 

The  response  of  an  explosive  formulation  t.o  shock  inputs  define  its 
survivability  in  sympathetic  detonation  scenarios.  This  response  is 
determined  by  the  amplitude  and  duration  of  the  input  pulse.  For  general 
purpose  (GP)  bombs,  the  duration  of  the  pulse  seen  by  the  acceptor  bombs  in 
sympathetic  detonation  scenarios  is  relatively  long.  Conventional  small 
scale  shock  sensitivity  experiments  do  not  adequately  simulate  these  long 
duration  pulses.  Foster,  et  al.  (Reference  3)  have  developed  an  8-in  .-diameter 
heavily  confined  gap  test  to  better  model  the  large  scale  propagation  environment 
(see  Figure  2).  The  Air  Force  Armament  Laboratory  (AFATL)  uses  this 
evaluation  technique  extensively  to  characterize  the  shock  sensitivity  of 
its  insensitive  high  explosive  candidates  before  proceeding  to  large  scale 
testing. 
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Figure  2:  Set-up  fox  the  8-inch-Diameter  Gap  Test 


In  this  test,  both  the  donor  and  acceptor  charges  are  confined  in  8.00-inch 
OD  steel  cases  with  0.35-inch-thick  casewalls.  The  charges  are  positioned 
horizontally  resting  on  a  grooved  woodblock.  The  donor  charge  is  8  inches 
long  and  contains  approximately  18.5  lbs  of  Comp  B  explosive.  The  acceptor 
charge  is  16  inches  long  and  its  explosive  weight  is  a  function  of  the 
formulation  density  (generally  30-35  lbs  of  HE).  The  endplates  on  these 
engineering  scale  units  are  0.5-in. -thick  steel  and  are  fastened  to  the 
cylinders  using  plastic  bolts. 

Polymethylmethacrylate  (PMMA  or  plexiglas)  cards  are  placed  between  the 
endplates  of  the  donor  and  acceptor  charges  as  shock  attenuators.  Varying 
thicknesses  of  PMMA  present  different  levels  of  shock  to  the  acceptor 
charge.  The  numerical  pressure  values  corresponding  to  these  thicknesses  or 
gap  widths  are  calculated  using  the  HULL  hydrodynamic  code.  The  technique  for 
arriving  at  these  values  is  discussed  in  detail  in  "Suppression  of 
Sympathetic  Detonation," , Proceedings  of  the  22nd  Explosive  Safety  Seminar, 
August  1983  (Reference  4/. 

Representative  data  from  these  calculations  are  presented  in  Figure  3.  The 
pressures  shown  are  the  calculated  centerline  pressures  seen  at  a  point  0.5 
inches  into  a  EAK  (Density=1.61  g/cm3,  Us=2.657  x  10^  cm/sec,  Los  Alamos) 
acceptor . 
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Figure  3.  Centerline  Pressure  Pulse  of  EAK  Acceptor  (1/2-inch  into  EAK) 
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Distance  In  inch**  From  Donor /PMMA  Interface 


Figure  4.  Shock  Wave  Pressure  at  the  End  of  the  PMMA  Gap  in  the  8-inch- 
Diameter  Gap  Test 

The  degree  of  reaction  from  the  acceptor  charge  is  determined  from  an 
extensive  but  elementary  data  analysis.  Piezoelectric  time  of  arrival  pins 
(Dynasen  Inc.,  CA-1136)  are  placed  at  2.0-inch  intervals  along  the  acceptor 
charge  to  monitor  the  velocity  of  the  reaction  front.  As  the  shock  wave 
passes,  electrical  signals  from  the  pins  are  recorded  by  20  MHz  HP5180 
transient  digital  recorders  (Figure  5). 


VOLTS 


TIME  HISTORY  PROFILE 


Figure  5.  Typical  Recorder  Output 


The  records  from  these  signals  are  confirmed  by  witness  plate  markings 
and  case  fragments.  Transition  to  detonation  is  evidenced  by  signatures 
generated  from  high  velocity  casewall  fragments  impacting  the  rolled 
homogeneous  armor  (RHA)  plate  and  the  "burn"  mark  on  the  belly  fragment  (the 
fragment  generated  from  the  portion  of  the  acceptor  casewall  resting  on  the 
grooved  wood  block ) . 

Additionally,  the  fragments  from  the  acceptor  become  notably  stressed, 
thin,  and  highly  sheared  as  steady  state  detonation  is  obtained  (Figure  6). 
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Figure  6.  Fragments  From  a  Detonated  Acceptor  Charge.  Note  the  "burn"  mark 
indicating  the  transition  *.;o  detonation. 


When  the  detonation  of  the  donor  charge  does  not  propagate  to  the  acceptor 
the  latter  leaves  no  markings  on  the  witness  panel.  The  casewall  fragments 
show  no  signs  of  high  stress  of  adiabatic  shearing.  The  fractures  observed 
are  typical  of  pressure  bursts.  Additionally,  unreacted  explosives  are  often 
recovered  from  the  test  arena  after  "no  goes"  (Figure  7). 


Figure  7.  Post  Test  Remnants  From  a  Non-Detonating  Acceptor  Charge. 


At  this  point,  there  is  not  a  large  enough  data  base  available  from  the 
8-inch-diameter  gap  test  to  directly  correlate  shock  sensitivity  with  surviva¬ 
bility  in  full  scale  sympathetic  detonation  scenarious.  That  is,  a  maximum 
level  of  shock  sensitivity,  above  which  explosive  formulations  cannot 
survive  full  scale  sympathetic  detonation  without  propagation  has  not  yet 
been  established*  IHE  candidate  melt  cast  formulations  which  have  demon¬ 
strated  sensitivity  to  shock  inputs  of  between  42  and  65  KBars,  (2  and  3  inches 
of  PMMA)  with  endplates  in  place  and  between  45  and  50  KBars  (6  and  7  inches  of 
PMMA)  with  no  endplates  between  the  clonor  acceptor  charges  in  the  8-inch- 
diameter  gap  test,  have  survived  full  scale  propagation  tests  without 
detonating. 

Currently,  an  explosive  system  is  not  taken  to  the  full  scale  propagation 
arena  without  demonstrating  an  insensitivity  tc  shock  inputs  of  at  least  40 
KBars.  A  full  scale  sympathetic  detonation  versus  8-inch  gap  test  data  base  is 
presently  being  compiled  for  several  of  the  Armament  Laboratory's  melt  cast 
IHE  candidate  systems. 

Shock  sensitivities  obtained  for  representative  explosive  systems  are 
provided  in  Table  III. 


TABLE  III.  SHOCK  SENSITIVITY  VALUES  FOR  VARIOUS  EXPLOSIVES 
Explosive  Go/No  Go (inches  of  PMMA)  Calculated  Pressure  Input (Kbar) 


Tri tonal  f 80/20) 

6/7 

(Endplates ) 

14-18 

Tri tonal  (70/30) 

6/7 

(Endplates) 

14-18 

TNT 

6/7 

(Endplates ) 

14-18 

PBX-9502( 7  inches  x  10 

4/5 

(No  endplates) 

55-60 

inches  charge ) 

PBX-9503(7  inches  x  10 

7/8 

(No  endplates) 

35-45 

inches  charge) 

AFX-1100 

2/3 

(Endplates) 

42-65 

(TNT/wax/Al-66/16/18 ) 

AFX-1100 

6/7 

(No  endplates) 

45-50 

AFX-900 

PE/A1/RDX/NQ- 1 6/17/18/49 

7/8 

(No  endplates) 

35-45 

16/17/20/47 

7/8 

(No  endplates) 

35-45 

16/17/18/49 

6/7 

(No  endplates) 

45-50 

CAS  EM  ALL  FRAGMENT  VELOCITIES 

The  8-inch-diameter  cans  used  in  the  gap  tests  can  also  provide  a 
valuable  initial  look  at  explosive  performance.  The  metal  driving 
capability  of  explosive  formulations  may  be  determined  by  positioning 
piezoelectric  pins  radially  about  detonating  charges  to  measure  casewall 
fragment  velocities  (Figure  8). 


50 


Figure  8.  Gap  Test  with  Radial  Pin  Array  to  Measure  Casewall  Fragment  Velocity. 


A  blast  shield  is  placed  around  the  charge  of  interest  between  the  point 
of  initiation  and  the  radial  pin  array.  This  shield  deflects  the  axial  wave 
long  enough  for  the  desired  measurements  from  the  radial,  fragment  producing 
wave  to  be  obtained. 

The  radial  pin  array  should  be  positioned  around  the  experimental  charge  at 
a  point  where  steady  state  detonation  is  achieved — a  least  one-fourth  of  the 
way  down  the  charge  of  interest.  One  pin  should  be  placed  on  the  exterior 
surface  of  the  casewall  to  define  time  zero.  Pins  should  subsequently  be 
spaced  radially  at  least  every  0.1R  inches  (every  0.4  inches  for  8.0-inch 
diameter  charges,  R=4)  out  to  about  three  inches  from  the  casewall. 

Attempts  to  record  casewall  velocities  beyond  four  inches  from  its  original 
position  have  generally  proven  futile  in  the  16-in. -long  cans.  It  appears 
that  one  of  two  events  occur  as  the  fragments  travel  beyond  this  radius. 

Either  (1)  the  axial  wave  deflected  by  the  blast  shield  catches  up  with  the 
radial  fragments,  driving  the  shield  through  the  pin  array  or  (2)  the  radial 
shock  front  catches  up  with  the  fragments,  interfering  with  the  desired 
measurements.  Regardless  of  the  source  of  difficulty,  reasonable  velocity 
measurements  are  obtained  in  the  prescribed  diameter. 

Once  the  average  terminal  casewall  velocity  has  been  determined  for  a 
particular  explosive,  its  Gurney  number  may  be  determined  from  the  equation: 


where : 


■^2E=  Empirical  Gurney  Constant  (having  dimensions  of  V) 
V*  Terminal  Fragment  Velocity 
C/M=  Ratio  of  explosive  weight  to  case  weight 


The  ratio  C/M  may  be  determined  from 


where  s 


C/M  -  '  rl 


P  exp 


2  2 

(r2  -  )  p  case 

r«  =  radius  of  explosive  'harge  =  inner  radius  of  casing 
r2=  outer  radius  of  casing 

pexp=  calculated  density  of  explosive  charge 
p case=  density  of  case  material 


Calculated  Gurney  numbers  may  then  be  used  to  rate  the  explosive  performance 
of  IHE  candidates  against  other  known  explosives  and  among  themselves. 

Gurney  numbers  calculated  from  measurements  obtained  in  the  manner  described 
are  shown  in  Table  IV. 


TABLE  IV.  GURNEY  NUMBERS  CALCULATED  FROM  CASE  WALL  FRAGMENT  VELOCITY 
MEASUREMENTS  IN  8-  INCH- DIAMETER  CANS 


Explosive  Vavg  (km/sec) 

M 

y/H 

AFX-900-P4( 22 ) 

( PE/NQ/RDX/AL- 16/17/22/45 

1.31 

32.5 

2.56 

AFX-900-P4( 20 ) 

( PE/NQ/RDX/AL-16/17/20/47 ) 

1.13 

34.8 

2.15 

AFX-900-P4(18) 

( PE/NQ/RDX/AL- 16/ 17/ 18/ 49 ) 

1.01 

32.2 

1.99 

Comp  B  ( 60/40 ) 

1.59 

18.4 

2.95 

Comp  B,  Grade  A 

2.99 

Comp  B 

2.71 

TNT 

2.54 

Tri tonal  ( 80/ 20 ) 

2.32 
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IN  I.  LIABILITY 


After  an  explosive  formulation  has  demonstrated  an  acceptable  level  of 
insei  sitivity  to  shock  inputs  in  the  8-inch  gap  tests,  initiability  studies 
are  conducted.  Unquestionably,  the  goal  of  the  Armament  Laboratory's 
development  efforts  is  to  develop  an  explosive  which  can  survive  the  adverse 
environments  posed  by  the  five  IHE  qualifications  criteria.  However,  such 
an  explosive  is  not  serviceable  if  it  cannot  be  readily  and  reliably 
initiated. 

Initiability  for  an  explosive  is  a  strong  function  of  critical  diameter — the 
larger  the  critical  diameter  for  an  explosive  formulation,  the  more 
difficult  it  is  to  initiate.  The  IHE  candidates  presently  under  review  by 
the  Air  Force  have  relatively  small  critical  diameters  (1.0-2.0  inches). 
Theoretically  there  exists  an  overlap  between  the  IHE  zone  and  the 
initiation  zone  for  explosive  formulations  (see  Figure  9).  The  challenge  is 
to  determine  the  size  of  this  overlap,  if  in  fact  it  does  exist,  and  to 
tailor  IHE  candidates  to  perform  in  this  crossover  zone. 


TRITONAL 

/N 


INITIATION  ZONE 

EASIER  ^ 
INITIATION 


IHE  CANDIDATES 


OVERLAP  REGION 


LESS  SENSITIVE 


Figure  9.  Initiation  vs.  Sensitivity — The  Dilemma 
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It  is  desirable  to  develop  an  IHE  which  can  be  used  in  the  existing  hardware 
configuration  with  existing  fuze/booster  systems.  Therefore,  initiation 
studies  begin  by  setting  boosters  from  inventory  fuzes  against  IHE 
candidates  before  proceeding  to  full  scale  testing.  The  booster  tests  are 
conducted  in  8-inch-diameter  cylinders  which  have  standard  fuzewell  liners 
attached  to  the  inside  of  the  forward  baseplate  (see  Figure  10).  The  items 
are  positioned  above  RHA  witness  panels  and  instrumented  with  piezoelectric 
pins  as  in  the  gap  test.  The  booster  tests  are  conducted  at  -65°F  to  ensure 
reliability  of  the  initiation  system  in  extreme  temperature  conditions. 


Figure  10.  Booster  Test  Cylinder  (FZU-2  and  T-147  Booster  Train  Shown) 


The  boosters  are  inserted  into  the  fuzewells  in  the  configurations  shown  in 
Figure  11. 

The  124g  tetryl  booster  from  the  FMU-124  is  tried  first.  The  felt  pad  and 
heavy  aluminum  plating  in  the  bottom  of  this  fuze  generate  a  radial  impulse 
from  its  Rooster.  This  forces  the  reaction  in  the  candidate  explosive  to 
"turn-the -corner"  or  transfer  the  radial  wave  into  an  axial  wave.  This 
corner  turning  process  is  not  easily  achieved  by  secondary  explosives  with 
large  critical  diameters. 
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TETRYL  (303  CMS)  TETRYL  (123  CMS)  TETRYL  (45  CMS) 

+ 

TETRYL  (45  CMS) 


Figure  11.  Fuze/Booster  Configurations 


If  the  124g  tetryl  booster  is  successful  in  initiating  the  main  charge,  the 
pie-shaped  45g  tetryl  FZU-2B  tetryl  booster  from  FMU-81  is  tested.  However, 
if  the  booster  from  the  FMU-124  is  not  successful  in  initiating  the 
candidate  IHE,  the  303g  tetryl  (T-147)  booster  from  the  M-905  fuze  is 
tested.  The  FZU-2B  is  used  to  light  the  T-147  as  illustrated. 

If  success  is  not  achieved  in  this  configuration,  the  type  of  impulse 
needed  to  initiate  the  IHE  candidiate  under  evaluation  requires  a  supplemental 
booster.  The  challenge  is  presented  graphically  in  Figure  12. 
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INITIATION  VERSUS  SENSITIVITY 


Figure  12.  The  Role  of  impulse  in  the  Initiation  of  Explosives. 


The  solid  line  on  the  pressure  vs.  time  plot  represents  the  P^r  curve  for 
typical  explosives  such  as  tritonal.  The  dotted  line  shows  a  P2t  curve  for 
I  HE  candidates.  As  is  shown,  the  pressure  impulse  3ean  by  a  nearest- 
neighbor  acceptor  item  in  a  sympathetic  detonation  environment  is  relatively 
low  in  terms  of  peak  pressure  but  is  long  in  duration.  Cn  the  other  hand, 
the  pressure  impulse  from  typical  boosters  is  short  in  duration  but  has  a 
relatively  large  peak  pressure.  As  is  illustrated,  promising  I HE  candidates 
can  escape  the  low  pressure,  long  duration  impulses  from  nearby  detonations 
without  propagating  the  reaction.  However,  since  they  a.e  so  insensitive, 
they  may  not  be  readily  initiated  by  the  peak  pressures  from  existing 
boosters.  The  concept  of  the  auxiliary  booster  is  to  i.tcreasu  the  pressure 
impulse  from  conventional  boosters  by  increasing  their  peak  pressure  output. 
This  is  accomplished  by  utilizing  a  booster  containing  larger  amounts  of 
explosive  or  by  substituting  a  higher  energy  explosive  into  existing  fuzes. 

The  former  solution  has  been  tested  using  a  1  lb  prototype  booster  of  PBX- 
9503  (see  Figure  13).  The  main  charge  explosive  was  readily  initiated  at 
-65°F. 


Figure  13.  Prototype  Auxiliary  Booster  for  Reliable  Initiation  of  IHE 
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SYMPATHETIC  DETONATION 

The  sympathetic  detonation  or  propagation  test  is  designed  to  determine 
the  response  of  general  purpose  (GP)  bombs  to  the  detonations  of  nearest- 
neighbor  items.  Ultimately,  the  items  are  tested  for  mass  detonation  in  the 
storage  and  shipping  configurations.  For  MK-82's,  the  shipping 
configuration  consists  of  two  pallets  of  three  bombs  each,  stacked  one  on 
top  of  another  and  banded  together.  MK-84's  are  handled  as  single  pallets 
of  two  bombs  each  (Figure  14).  Pallets  of  bombs  are  generally  stored  side-by 
side  and  end-to-end  in  earth -covered,  concrete  igloos. 


£AU  ?  UNIT 


A»H  FORCE  UNIT. 

«  HOMES  PER  METAL  PALLET 

UNIT  WEIGHT  LBS  (APPHOXJ 

cub:;  4?  p?  cubic  fee  t 


i 


Figure  14a 


Standard  Handling  Configuration  for  MK-82S 


PALLET  UMIT  PCTA1L 


Figure  14b.  Standard  Handling  Configuration  for  MK-84S 


For  testing,  the  items  are  initially  placed  side-by-side  at  the  standard 
closest-point  separations  of  0.5  inches  for  MK-82's  and  0,75  inches  for  MK- 
84's  (see  Figure  15).  They  are  supported  above  1.0-in. -thick  rolled 
homogeneous  armor  (RHA)  witness  plate  using  cradles  from  standard  wooden 
comb  pallets.  Stacks  of  sandbags  are  placed  along  two  edg(:s  of  the  armor 
witness  panel  to  catch  the  radial  fragments  and  to  deflect  the  major  test 
remnants  upwards.  The  donor  bomb  is  detonated  remotely.  Composition  C-4 
explosive  is  packed  into  the  fuzewell  and  initiated  using  an  RP-1  detonator  or 
an  RP-2  detonator  with  datasheet  (Dupont). 
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Figure  15.  Set-up  for  the  Sympathetic  Detonation  Test  j 

i 

The  fuzewell  may  be  plugged  to  eliminate  the  fire-producing  jetting  reaction  I 
resulting  from  their  collapse.  This  arrangement  helps  prevent  range  fires  ! 

without  altering  the  conditions  of  the  experiment.  I 

j 

When  the  test  items  are  positioned  in  two  dimensional  arrays,  fragment 
signatures  on  the  witness  panel  and  bomb  case  fragments  generally  provide 
sufficient  evidence  of  the  degree  of  reaction  for  the  acceptor  bombs  (see 
(Figure  16).  The  witness  panel  is  typically  ripped  into  two  pieces  when 
detonations  occur.  Markings  from  the  high  velocity  case  fragments  (similar  j 

to  those  observed  from  detonating  items  in  the  8-inch-diameter  gap  test)  ] 

scar  the  witness  plate  on  either  side  of  these  fractures.  ' 


Figure  16.  Witness  Panel 

The  donor  bomb  was  positioned  directly  above  the  crack. 

The  non-propagating  acceptor  bomb  was  positioned  to  the  left  of 
the  donor. 


The  fragments  recovered  from  detonating  items  are  long  and  very  thin 
(Figure  17).  They  show  the  effects  of  the  very  large  stresses  to  which  they 
are  exposed  during  the  expansion  process  and  evidence  the  adiabatic  shearing 
which  occurs  as  the  casewall  finally  breaks-up. 


Figure  17.  Fragments  Typical  of  a  Detonating  Item  in  a  Full  Scale  Sympathetic 
Detonation  Test. 


Fragments  from  acceptor  bombs  which  do  not  detonate  leave  no  markings  on  the 
witness  panel;  however,  mild  fractures  are  often  observed  directly  beneath 
the  original  positions  of  these  non-detonating  items.  These  fractures  do 
not  result  from  the  reaction  of  the  acceptor  bomb  but  from  the  high  velocity 
fragments  of  the  nearest  neighbor  donor  bomb  which  are  diverted  into  the 
witness  panel  by  the  acceptor  before  it  is  translated  away  from  its  original 
position. 

Case  remnants  from  non -detonating  items  are  typically  much  larger  than  the 
fragments  of  detonated  bombs.  They  are  thicker  and  show  no  evidence  of 
adiabatic  shearing.  The  acceptor  case  remnants  recovered  are  usually 
severely  scarred  from  fragment  impacts.  Some  post  test  acceptor  pieces 
actually  have  portions  of  the  donor  bomb  welded  to  them  (see  Figure  18). 


Figure  18.  Typical  fragments  from  non-detonating  acceptor  bombs  in  a 
full  scale  sympathetic  detonation  test. 
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Additionally,  the  recovery  of  any  unreacted  high  explosive  (HE)  after  the 
event  is  always  a  clear  indication  that  at  least  one  item  in  the  array  did 
not  detonate. 

Piezoelectric  pins  (Dynasen  Inc.,  CA-11136)  may  be  positioned  along  the 
casewall  of  the  donor  bomb  to  measure  the  detonation  velocity  of  its 
explosive  fill  and  provide  additional  evidence  that  a  detonation  did  in  fact 
occur.  High  speed  film  is  used  to  monitor  the  event.  Exposure  rates  of 
1000,  8000,  and  40,000  frames  per  second  from  several  different  angles  and 
fields  of  view  will  usually  provide  adequate  coverage. 

Air  blast  pressure  instrumentation  may  be  used  as  desir.nl  to  further 
characterize  the  events  occurring  in  two-dimensional  arrays.  This  data 
source  becomes  almost  essential  for  meaningful  analysis  cl:  reactions  in 
three  dimensional  stacks.  Witness  plate  markings  from  it  ms  in  the  upper 
rows  of  3-D  arrays  are  not  a  definitive  as  those  from  the  bottom  row  or  from 
2-D  arrays. 

For  3-D  arrays,  it  is  recommended  that  baseline  shots  using  inert  acceptors 
or  tritonal  acceptors  be  conducted  against  the  air  blast  pressure 
instrumentation  prior  to  collecting  data  on  IHE  candidate.  *  "he  air  blast 
pressure  data  from  subsequent  tests  may  then  be  compared  w  t!>  uhe  baseline 
measurements  to  determine  if  mass  detonation  occurred.  All  l last  pressure 
data  is  acquired  using  the  procedures  prescribed  in  the  Joint  Munitions 
Effectiveness  Manual:  Test  Procedures  for  High  Explosive  Muni  l  ions. 

(Reference  7).  Additionally,  piezoelectric  pins  may  be  positioned  radially 
about  acceptor  bombs  to  measure  casewall  fragment  velo  ;ities.  These 
velocities  are  then  compared  to  measurements  from  baseline  tests  of  detonating 
items  of  the  same  explosive  fill  to  determine  if  propagation  occurred. 

Acceptor  cases  from  the  upper  rows  of  3-D  stacks  are  often  damaged  to  the 
degree  of  being  indistinguishable  or  they  are  translated  long  distances 
and  are  not  recoverable.  Tool  and  die  may  be  used  to  ligh.jy  label  the  test 
items  in  3-D  arrays  prior  to  detonation.  This  will  assist  in  reconstructing 
the  event  during  post-test  analysis.  Fragment  collection  is  accomplished 
from  a  visual  search. 

Sympathetic  detonation  can  result  from  direct  shoe*'  transmission  or  from 
fragment  impact.  Fragment  impact  can  propagate  a  detonation  either  by  shock 
initiation  or  by  ignition  of  the  explosive  with  subsequent  deflagration 
detonation  transition  (DDT).  Mechanical  deformation  of  the  boi  b  and  its 
explosive  can  also  result  in  ignition  with  subsequent  DDT.  For  the  classes 
of  explosive  under  evaluation  by  the  Air  Force  Armament  Laboratory  as  IHE, 
direct  shock  initiation  appears  to  be  the  predominant  mode. 

Several  IHE  candidates  have  been  tested  for  sympathetic  detonation  at 
various  separation  distances  to  isolate  the  contributions  c  shock 
transmission  from  fragment  impact  (Table  V). 
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TABLE  V.  MK-82  SYMPATHETIC  DETONATION  RESULTS  FOR  SEVERAL  IHE  CANDIDATES 


Explosive  Number 

of  Tests 

Separation  Distance 

Results 

AFX- 11 00 

1 

0.5  inches 

No 

propagation 

( TNT/Wax/AL-70/12/18 ) 

of 

detonation 

AFX-1100-II 

2 

0.5  inches 

No 

propagation 

( TNT/Wax/Al -66/16/18 ) 

of 

detonation 

AFX-1100-II 

1 

5.0  inches 

No 

propagation 

of 

detonation 

AFX- 11 00- I I 

1 

10.0  ft 

No 

reaction 

(severe  fragment 

to 

casewall ) 

AFX-900-P4( 22 ) 

1 

0.5  inches 

No 

propagation 

RDX/NQ/AL/Polyethylene 

of 

detonation 

16/17/22/45 

AFX-900-P4 ( 18 ) 

1 

0.5  inches 

No 

propagation 

RDX/NQ/AL/Polye  thy lene 

of 

detonation 

16/17/18/49 

A  very  small  separation  distance  (less  than  1.0  inch),  the  pressure  impulse! 
felt  by  the  acceptor  bomb  is  quite  large,  but  the  donor  casewall  is  still 
undergoing  deformation  and  is  not  fully  fragmented.  Transmitted  shocks  are 
divergent  due  to  the  curvature  of  the  bomb  casewall  combined  with  the  fact 
that  the  donor  bomb  is  initiated  at  the  nose  or  tail.  Therefore,  at  larger 
offsets  the  pressure  impulse  does  not  contribute  as  significantly  to  the 
propagation  of  detonation.  Also,  at  larger  separations,  the  energy  from  the 
donor  fragments  is  distributed  over  such  a  large  portion  of  the  casewall  j 

that  initiation  of  the  contained  explosive  does  not  occur.  Results  indicate  I 

that  worst  case  conditions  exist  at  donor/acceptor  separations  of 
approximately  one  bomb  radius.  At  this  distance,  the  donor  casewall  has 
accelerated  to  maximum  velocity  upon  impact  with  the  acceptor.  Also,  peak 
pressure  will  be  at  a  maximum  in  this  region,  but  the  total  impulse  will  be  i 
lower  since  the  donor  casewall  has  expanded  and  is  much  thinner  than  it 
would  be  at  closer  spacings.  The  exact  amplitude  and  duration  of  the  I 

pressure  wave  transmitted  to  the  acceptor  is  not  readily  calculated  since 
the  Hugoniot  values  for  the  developmental  explosives  (unreacted  and  i 

products)  are  not  known.  Effort  is  underway  to  develop  predictive  methods 
for  donor/acceptor  shock  interactions  using  hydrodynamic  codes  such  as  HULL 
and  TOODY,  Regardless,  fragment  impact  is  not  the  primary  source  of 
detonation  propagation  for  the  IHE  candidates  presently  under  evaluation 
(Figure  19a-b).  I 
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SLOW  COOK  OFF 


The  slow  cook  off  represents  the  environment  that  a  bomb  could  sense  in 
storage  of  shipping  if  it  was  in  a  magazine  adjacent  to  a  fire.  As  the 
temperature  rises,  the  rate  of  explosive  decomposition  is  increased  until 
self  heating  or  spontaneous  ignition  occurs.  This  reaction,  which  involves 
essentially  all  of  the  contained  explosive,  most  likely  begins  inside  the 
explosive  where  the  amount  of  self  confinement  determines  the  violence  of  the 
response. 

In  a  slow  cook  off  test,  the  item  under  evaluation  is  enclosed  in  an  aluminum 
coffin-type  oven  (see  Figure  20).  It  is  supported  inside  the  oven  by  a 
separate,  steel,  angle-iron  stand.  Exudation  troughs  are  provided  at  the 
nose  and  tail  of  the  bomb  for  the  removal  of  any  molten  explosive  which 
might  exude  from  around  the  fuzewell  liners.  Additionally,  the  oven  is 
equipped  with  ports  to  provide  air  circulation.  Ducts  from  the  ports  feed 
to  a  recirculating  blower  which  is  protected  behind  a  concrete  block.  The 
movement  of  the  air  maintains  a  uniform  temperature  throughout  the  oven 
airspace.  Electrical  heating  tapes  are  wrapped  around  the  exterior  of  the 
oven  and  insulation  covers  both  the  oven  and  the  air  ducts.  Thermocouple 
wires  are  placed  throughout  the  oven  airspace.  They  are  also  attached  to 
the  inside  of  the  oven  wall  and  the  bomb  skin  as  well  as  inside  the 
fuzewells  and  charging  conduits  to  provide  a  temperature  record  throughout 
the  experiment. 


Figure  20a.  The  Slow  Cook  Off  Oven 
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Figure  20d.  The  Slow  Cook  off  Oven 


Since  it  is  speculated  that  the  slow  cook  off  results  in  a  gradual  pressure 
build-up  inside  the  bomb,  it  is  desirable  to  monitor  the  internal  bomb 
pressure  to  determine  when  mechanical  failure  occurs.  Pressure  measurements 
may  be  accomplished  with  a  high  temperature  rated  transducer -type  gauge 
tapped  through  the  bomb-skin. 

During  a  slow  cookoff,  ambient  conditions  must  be  taken  into  consideration. 
The  oven  temperature  should  be  raised  to  20-30°C  above  the  formulation  melt 
temperature  and  these  conditions  maintained  until  a  pseudoequilibrium  is 
achieved  between  the  bomb  and  the  airspace.  The  bomb-fill  temperature  is 
monitored  by  tracking  the  profile  measured  inside  the  charging  conduit. 
Pseudoequilibrium  is  achieved  when  the  temperature  vs.  time  curve  for  the 
airspace  and  the  bomb  fill  become  horizontally  parallel.  In  full  scale 
testing,  this  is  a  slow  process  involving  the  phase  change  of  150-200  lbs  of 
explosive  in  MK-82s. 

The  heating  process  for  the  actual  slow  cookoff  test  is  then  initiated  by 
presoaking  the  item  at  approximately  55.5°C  below  the  expected  reaction 
temperature  as  prescribed  by  DoD-STD-2105(NAVY')  (Reference  8)?  Again,  the 
bomb  should  oe  maintained  at  this  temperature  until  pseudoe^uilibrium  is 
achieved  with  the  airspace. 
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Next,  the  average  temperature  of  the  airspace  is  increased  at  a  rate  of 
3.3°C  until  reaction  occurs*  Temperature  control  may  be  accomplished 
manually  o>.  by  using  a  feedback  control  loop.  Trial  runs  on  inert  items 
should  be  attempted  prior  to  live  testing  to  establish  confidence  in  the 
temperature  control  mechanisms* 

Temperature  readings  should  be  recorded  at  least  once  per  minute  until  the 
test  item  nears  the  predicted  reaction  temperature.  At  this  point  the 
recording  rate  should  be  increased  to  about  one  every  ten  seconds  to  provide 
a  better  sampling  of  the  temperature  profile. 

Video  monitoring  should  be  used  to  record  the  event.  Due  to  the  length  of 
testing,  night  lighting  may  be  necessary  and  should  be  arranged  prior  to 
beginning  the  test.  'Once  testing  has  started,  no  personnel  should  be 
allowed  in  the  test  arena  until  reaction  of  the  item  occurs  or  a  system 
malfunction  results  in  a  no  test  and  range  safety  personnel  authorize  entry. 

Post  teat  analysis  is  accomplished  by  reviewing  the  pressure  and  temperature 
profiles  and  viewing  the  test  remnants  and  video  recordings.  If  the  item 
merely  burns,  it  remains  in  tact  in  its  initial  position.  Damage  to  the 
test  fixtures  results  only  from  the  heat  and  smoke  of  the  fire  (see  Figure 
21). 


Figure  21 .  Post  Test  from  a  Slow  Cook  off  Burn 


68 


If  the  item  explodes,  the  test  fixture  will  be  consumed  by  the  reaction  and 
the  bomb  casing  will  break  into  small  pieces.  The  pieces  are  thicker  and 
heavier  than  those  resulting  from  a  detonation  (see  fig.  22).  It  is 
unlikely  that  any  of  the  molten  explosive  will  remain  unreacted  after  a  slow 
cookoff  explosion. 


Figure  22.  Remnant  from  a  Slow  Cook  off  Explosion 


A  detonation  in  the  slow  cookoff  is  evidenced  by  small,  highly  sheared 
fragments  and  cratering  as  well  as  other  severe  damage  around  the  test  site. 
As  mentioned  previously,  the  slow  cookoff  test  presents  one  of  the  major 
challenges  to  the  Insensitive  High  Explosive  development  programs.  Its 
applicability  in  terms  of  Air  Force  life  cycle  environments  is  currently 
under  review  by  a  DoD  technical  review  panel. 


SLED  TESTS 

The  sled  test  required  for  Air  Force  qualification  of  an  THE  is  conducted  to 
determine  the  sensitivity  of  the  candidate  formulations  to  high  velocity 
impacts  (1450  ft/sec)  with  reinforced  concrete  targets  (Figure  23  a-b) .  This 
differs  from  the  subsonic  velocity  sled  test  used  on  items  to  determine 
penetration  effectiveness.  Eglin  AFB  has  a  2,000  ft  dual  rail  sled  track 
inclined  at  0.6  percent.  For  general  purpose  bomb  tests,  the  track  is  used 
as  a  monorail  carrier  sled.  The  item  is  secured  to  the  carrier  sled  with 
two  nylon  straps.  The  rear  fikewell  remains  empty  while  a  nose  plug  and 
nose  support  cup  are  used  to  reinforce  the  point  of  impact. 


Six  Zuni  rocket  motors  are  used  to  accelerate  the  pusher  sled  to  the  desired 
velocity.  At  the  end  of  the  rail,  the  item  separates  from  the  carrier  sled 
and  enters  the  center  of  the  10  ft  x  10  ft  x  4  ft  steel  reinforced  concrete 
at  zero  abliquity.  The  exhausted  rocket  motors  are  deflected  away  from  the 
target  by  a  large  diverter.  High  speed  cameras  (8000  frames/sec)  monitor 
the  impact  event  from  several  different  angles. 

Post  test  analysis  is  accomplished  from  viewing  the  high  speed  film  and 
examining  the  test  remnants,  including  case  fragments,  unreacted  explosive 
and  the  remains  of  the  concrete  target.  (Fig  24  a-d). 


Figure  24.  Sled  Test  Remnants  for  a)  an  IHE  Candidate  which  did  not 
react 
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Figure  24.  Sled  Test  Remnants  for  b)  an  I HE  Candidate  which  did  not 
react  and  c)  Tritonal  Which  Exploded. 


Figure  24.  Sled  Test  Remnants  for  d)  Tritonal  Which  Exploded 

The  applicability  of  the  sled  test  for  Air  Force  IHE  candidates  is  also 
under  scrutiny  by  a  DoD  technical  review  group. 


BULLET  IMPACT 

DoD-STD-21 05(Navy)  (Reference  4)  states  that  "the  bullet  impact  test  is 
designed  to  evaluate  the  response  of  major  explosive  subsystems  to  the  kinetic 
energy  transfer  associated  with  the  impact  and  penetration  by  a  given  energy 
source."  For  the  U.S.  Air  Force,  this  energy  source  is  a  three  round  burst 
of  .50  cal  AP  delivered  at  service  velocity  (app.  3000  fps)  from  a  distance  of 
30-70  meters. 

For  testing,  a  single  MK-82  or  MK-84  filled  with  the  candidate  explosive  is 
placed  on  a  heavy  wooden  stand,  110  ft  downrange  from  the  projectile 
delivery  source.  The  Air  Force  uses  the  M-2  machine  gun  (Figure  25). 


Figure  25.  M-2  Machnie  Gun  used  for  Bullet  Impact  Testing 
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One  may  also  use  a  set  of  three  Mann  barrels  energized  with  a  sequencer  to 
deliver  the  desired  three  rounds  and  activated  remotely  using  a  solenoid 
switch.  Before  attempting  to  impact  a  live  test  item,  several  rounds  are 
fired  through  velocity  screens  into  a  target  located  above  the  test  stand. 

The  gun  is  adjusted  until  the  target  is  realiably  penetrated  in  the  region 
of  interest  and  adequate  velocity  measurements  are  acquired.  The  velocity 
screens  are  then  removed  from  the  arena  and  a  three  round  burst  is  fired  at 
the  target  to  determine  the  scatter  pattern.  Final  adjustments  are 
performed  until  a  3  to  4-inch-diameter  pattern  results  from  the  multiple 
impacts. 

The  test  item  is  then  moved  into  position.  The  gun  is  loaded  and  the  test 
rounds  are  fired.  Identical  tests  items  must  be  impacted  in  three  separate 
orientations  by  three  separate  three  round  burstsrl)  the  baseplate  2)  the 
centerpoint  between  the  suspension  lugs  and  3)  a  point  10  inches  in  front  of 
the  forward  suspension  lug.  High  speed  film  (1000  frames /sec  and 
4000  frames/sec)  is  used  to  record  the  event  from  different  angles.  Video 
monitoring  is  used  for  safety  purposes. 

IHE  candidate  filled  items  may  not  appear  to  react  upon  impact;  a  waiting 
period  of  30  minutes  should  be  allowed  to  ensure  hotspots  which  could  lead 
to  a  delayed  reaction,  are  quenched.  If  no  reaction  occurs,  the  same  ’tern 
may  be  impacted  in  three  different  orientations. 

Post  test  analysis  is  accomplished  from  the  high  speed  film  records  and  item 
remnants.  As  just  mentioned,  IHE  candidate  filled  items  may  not  react 
appreciably.  Slight  smoking  of  the  item  may  appear  on  the  film  records.  If 
this  is  the  scenerio,  the  item  will  remain  essentially  intact  (see  Figure  26 
a— d ) . 


Figure  26.  Nonreacting  Item  in  a  Bullet  Impact,  b)  Closeup  of  Nose 
Impact 


Figure  26.  Nonreacting  Item  in  a  Bullet  Impact  Test,  c)  Closeup  of  Center 
Impact 
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Figure  26.  Nonreacting  Item  in  a  Bullet  Impact  Test,  d)  Closeup  of 
Baseplate  Impact 


The  item  must  be  handled  carefully  and  disposed  of  using  the  proper 
procedures.  However,  the  item  is  likely  to  undergo  one  of  the  following 
reactions : 

If  the  item  explodes,  a  bright  fireball  will  appear  on  the  film  and 
the  bomb  will  break-up  into  large,  heavy  pieces.  Unreacted  explosive  will 
be  scattered  about  the  arena.  This  sort  of  reaction,  although  extremely 
violent,  is  permitted  by  the  IHE  criteria.  It  is  interesting  to  note  that 
in  the  tests  for  which  an  explosion  has  occurred,  the  large  fragment 
resulting  from  the  casewall  where  the  ammunition  impacted  contains  only  one 
hole,  indicating  clearly  that  the  first  round  of  ammunition  produced  the 
reaction  before  the  subsequent  rounds  reached  the  item  (Figure  27). 


i 
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Figure  27.  Post  Test  Remnants  of  an  Exploding  Item  in  the  Bullet 
Impact  Test.  The  item  was  filled  with  tritonal. 


A  detonation  is  evidenced  by  a  larger,  brighter  fireball  on  the  film  records. 
Small,  thin  fragments  which  show  the  classic  signs  of  stress  and  adiabatic 
shearing  are  normally  recovered.  Ordinarily,  all  of  the  explosive  in  a  bomb 
is  consumed  during  a  detonation. 


BONFIRE  (FAST  COOK  OFF) 

It  is  difficult  to  predict  all  of  the  hazards  to  which  a  general  purpose 
bomb  will  be  subjected  during  its  life  cycle.  It  is  speculated  that  at  some 
point,  either  in  storage  or  shipping  some  items  will  be  exposed  to  a 
woodfire.  The  survivability  of  bombs  filled  with  insensitive  high  explosive 
( IHE)  candidates  in  such  a  fire  is  determined  in  the  bonfire  test  or  fast 
cookoff  "to  ascertain  the  effect  of  fire  external  to  the  items  or  packages 
and,  in  the  event  that  the  fire  causes  deflagration,  detonation,  or 
explosion,  to  ascertain  the  violence  and  extent  of  propagation  and  the 
external  hazard,"  (Reference  9). 
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In  a  fast  cook  off,  thermal  decompositon  of  the  explosive  most  likely  begins 
at  the  interface  between  the  test  item  and  the  explosive,  initiated  by 
thermal  hot  spots.  Recall,  this  is  different  from  the  slow  cook  off  in  which 
esstentially  all  of  the  explosive  is  uniformly  raised  to  reaction 
temperature . 

During  development  testing,  a  single  bomb  is  sterl  banded  to  a  stand  about  1 
meter  above  the  ground.  Dry  1  inch  x  4  inch  lumber  is  stacked  under  and  around 
the  test  item  to  give  at  least  one  half  meter  of  wood  in  all  directions 
(Figure  28  a-b).  The  wood  is  dr  rnched  with  approximately  15  gallons  of  kerosene 
or  diesel  fuel  and  ignited  by  two  incendiary  (thermite)  hand  grenades.  The 
grenades  are  situated  to  prevent  reaction  with  the  test  item  and  are  ignited 
with  a  time  delay  fuze. 


Figure  28.  Buildup  for  the  Wood  Bonfire  Test.  Lumber  surrounds  the 

test  item  to  give  at  least  one  meter  of  wood  in  all  directions. 
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Figure  28.  Buildup  for  the  Wood  Bonfire  Test.  Lumber  surrounds  the 

test  item  to  give  at  least  one  meter  of  wood  in  all  directions. 


Closed  circuit  television  and  30  frames/sec  (real  time)  film  is  used  to 
monitor  the  event.  A  minimum  waiting  period  of  12  hours  is  required  after 
reaction  of  the  item  before  it  may  be  approached  for  post  test  analysis. 

The  analysis  generally  consists  of  viewing  the  case  remnants  and  unreacted 
explosive  (if  any)  to  determine  the  degree  of  reaction  (Figure  29). 
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FUEL  FIRE  TEST 

The  fuel  fire  fast  cook  off  does  not  presently  exist  as  one  of  tha  Air  Force 
insensitive  high  explosive  qualification  criteria.  However,  this  test  is 
currently  prescribed  for  the  Navy  by  DoD-STD-2105(Navy)  (Reference  4).  It 
has  been  proposed  that  upon  establishing  DoD  Technical  Requirements  for 
Insensitive  Munitions,  the  fuel  fire  test  be  required  by  all  services  in  lieu 
of  the  wood  bonfire  test.  The  Air  Force  therefore  tests  its  IHE  candidates  in 
fuel  fires  in  accordance  with  MII,-STD-1648A(AS)  (Reference  10). 

Experience  suggests  that  both  the  fuel  fire  test  and  the  bonfire  test  are 
fast  cookoffs.  The  principle  difference  being  the  peak  temperature  and  the 
rise  times  to  this  peak  temperature.  The  fuel  fire  generally  reaches 
temperatures  as  high  as  1800-2000°F  in  a  matter  of  a  few  seconds.  The  wood 
bonfire,  on  the  other  hand,  builds  slowly  over  a  period  of  several  minutes 
to  a  maximum  temperature  of  approximately  1000-1200°F.  The  fuel  fire  gives 
more  reproducible  results,  because  the  time  to  cookoff  is  less  dependent  on 
meteorological  efforts. 

The  test  consists  of  suspending  an  item  of  height  of  three  feet  above  the 
surface  of  1200  gallons  of  JP-4  ov  JP-5  fuel.  A  steel  I-beam  with  lug 
attachments  supports  the  item.  The  fuel  is  contained  in  a  steel  pan  (Figure 
30)  or  a  film  lined  earth  test  pan.  Thermocouples  are  positioned  at  the  same 
height  as  the  item,  approximately  four  inches  from  each  side.  The  fuel  is 
ignited  using  incendiary  hand  grenades  with  time  delay  fuzes. 
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Figure  30.  The  Configuration  for  the  Fuel  Fire  Test 
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The  temperature  profile  is  monitored  and  recorded  at  least  once  every 
second.  An  An  average  flame  temperature  of  1600°F  during  the  course  of 
the  test  constitutes  a  valid  evaluation.  Closed  circuit  television  or  color 
motion  picture  film  provides  a  video  record  of  the  event. 

Post  test  analysis  is  accomplished  by  viewing  the  case  remnants  and 
unreacted  explosive  (if  any)  to  determine  the  degree  of  reaction. 


ARENA  TEST 

The  Air  Force  Armament  Laboratory  intends  to  develop  an  Insensitive  High 
Explosive  with  a  performance  level  similar  to  that  of  existing  bomb  fills 
(i.e.  tritonal).  Warhead  blast  and  fragmentation  effectiveness  parameters 
are  measured  in  the  arena  test. 

In  this  test,  the  item  being  evaluated  is  detonated  at  the  centerpoint  of  a  90 
degree  array  of  4-ft-thick  stacked  fiberboard.  Behind  the  fiberhoard  are  4  ft 
thick  stacks  of  plywood.  The  16-ft-tall  bundles  are  positioned  at  a 
prescribed  radius  from  the  item  and  are  supported  on  special  steel  stands. 
Additionally,  velocity  screens  are  placed  in  front  of  the  fiberboard.  A  90- 
degree  array  of  16-inch-thick  mild  steel  flash  panels  are  positioned  adjacent 
to  the  fiberboard  bundles  (Figure  31).  Combined,  these  fixtures  provide 
fragment  velocity,  weight,  size,  and  distribution  data. 


Figure  31 


The  Arena  Performance  Test  (a)  Before 


Figure  31.  The  Arena  Performance  Test  (b)  After 


As  the  metal  fragments  reach  the  4  by  8  ft  aluminum  coated  velocity  screens, 
electrical  impulses  are  generated.  The  impulses  are  recorded  to  be  used  in 
calculating  the  fragment  velocities.  After  penetrating  the  velocity  panels, 
the  fragments  are  trapped  in  the  fiberboard  and  plywood  bundles.  As  they  are 
recovered,  the  X-Y-Z  coordinates  of  each  fragment  is  recorded  along  with  its 
weight  arid  size.  Additional  fragment  distribution  data  (X-Y  coordinates)  are 
provided  by  the  flash  panels. 

Obviously,  only  a  small  portion  of  the  total  bomb  skin  is  accounted  for  in 
this  test.  When  detonated  in  a  vertical  configuration,  a  large  portion  of  the 
fragments  from  azimuthal  zones  (see  Figure  32),  are  recovered  from  a  small  set  of 
polar  zones.  The  particular  polar  zones  recovered  are  a  function  of  item 
height.  Several  shots  must  be  performed  to  adequately  sample  the  major 
fragment  producing  polar  zones.  Conversely,  in  a  horizontal  test  the  entire 
set  of  polar  zone  fragments  may  be  sampled  from  a  very  small  number  of 
azimuthal  zones.  Meaningful  nose  and  tail  fragmentation  data  may  only  be 
obtained  from  horizontal  arena  tests. 
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In  addition  to  the  fragmentation  data,  air  blast  pressures  are  measured. 
Two  gauge  lines,  90  degrees  apart  (see  Figure  33),  are  used  to  assure  against 
loss  of  data. 


BOMB  LOCATION  i 


Figure  33.  Typical  Gauge  Layout 


The  gauges  are  positioned  on  the  side  of  the  bomb  opposite  of  the 
fiberboard  bundles  and  flash  panels  at  10  ft  radial  spacings  from  15  ft  out  to 
65  ft.  High  speed  film  (8K  frames/sec)  from  several  different  angles  is  used 
to  record  the  event.  Free  air  blast  data  may  be  obtained  by  positioning  the 
gauges  in  the  mach  stem  region  at  the  same  height  as  the  detonating 
item.  Eventually,  the  fragmentation  data  and  blast  pressure  data  are  combined 
to  calculate  the  probability  of  kill  (Pk>  for  a  GP  bomb  filled  with  the 
particular  explosive  candidate  against  a  variety  of  targets. 
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RESULTS  AMD  CONCLUSIONS 


The  challenge  of  developing  an  Insensitive  High  Explosive  that  is  readily 
initiable  and  which  provides  acceptable  levels  of  performance  is  formidable. 
Progress  toward  meeting  this  challenge  is  being  accomplished  with 
melt-cast  explosive  systems. 

AFX-1100  is  a  wax,  TNT,  aluminum  system.  This  explosive  has  passed  each  of 
the  five  IHE  qualification  tests  in  MK-82s  at  least  once  during  its  develop¬ 
ment  cycle.  Complete  suppression  of  sympathetic  detonation  has  been 
achieved  only  in  two  dimensional  arrays.  The  additional  confinement  which 
exists  in  three  dimensional  stacks  causes  total  elimination  of  propagation  to 
be  very  difficult  in  GP  bomb  storage  and  shipping  configurations.  AFX-1100 
has  passed  the  slow  cookff  twice  by  venting  and  burning  mildly;  however,  on 
three  other  occasions  AFX-1100  has  exploded  during  this  test.  The  role  of 
confinement  in  slow  cook  off  reaction  severity  is  being  studied.  It  is 
speculated  that  the  violence  of  the  reaction  from  this  test  could  be  controlled 
by  designing  a  realiable  means  of  mechanical  failure  into  the  bomb  hardware. 

The  feasibility  of  tear  away  fuzewell  liners  or  melt  out  plugs  to  relieve  pressure 
is  being  explored.  Additionally,  performance  parameters  for  AFX-1100  are  being 
evaluated  from  data  collected  in  this  arena  test. 

AFX-900  is  an  RDX,  nitroguanidine,  aluminum  melt  cast  system  with  a  low 
melting  polyethylene  binder.  It  has  demonstrated  acceptable  levels  of  shock 
sensitivity  and  is  initiable  at  -65°F  with  a  1.1  lb  PBX-9503  prototype 
booster.  AFX-900  has  survived  the  MK-82  sympathetic  detonation  test  with  a 
formulation  containing  16%  polyethylene  binder  and  as  much  as  22%  RDX. 

Variations  of  AFX-1100  and  AFX-900  are  also  undergoing  evaluation.  These 
simultaneous  efforts  are  designed  to  bring  about  an  effective  IHE  system  in 
an  expedited  manner. 

The  payoff  is  big.  The  introduction  of  IHE  into  the  inventory  will 
instantaneously  increase  munitions  storage  capacity,  dramatically  enhancing 
operational  readiness.  The  evaluation  techniques  used  in  this  development 
effort  are  designed  to  ensure  that  munitions  systems  can  survive  the  maximum 
credible  event  without  posing  a  hazard  to  our  own  troops,  allies,  or  the 
civilian  community. 
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GUI  PBOPKLLARS  FOR  LOW  VU1UBABILITT  IHHUIITIOVS 
BY  D.  DBCAIO,  J.  GOLIGKR  and  F.X.  BOISSEAU  * 


UTRODUCTIOI 


Most  of  guD  propellants,  in  use  today,  contain  nitrate  ester  which 
determine  their  explosive  behavior  with  regards  to  intentional  aggres¬ 
sions  . 


For  the  large  caliber  weapon  propellants,  violent  damages  can  be 
observed  if  one  of  the  rounds  is  accidentally  set  off. 


For  the  infantry  weapon  propellants,  the  thermal  behavior  is  considered 
as  the  problem  (short  and  long  cook-off). 


These  problems  are  being  corrected  by  using  more  thermoreaistant  and 
le&3  sensitive  energetic  material.  r 


The  French  LOVA  gun  propellant,  RDX  dispersed  in  an  inert  binder  (HTPB 
binder,  for  example),  is  one  of  possible  candidate  solutions  which  is 
presented  in  this  paper. 


*  SNPE-CRB  -  P.0.  Box  n*  2  -  91710  VERT  LE  PETIT  -FRANCE 
Telex  *  690  479  -  FOUDRES  F 
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I  -  ▼UWEABILITT  TBTS  QH  QBPBOULLMBS  CUBXBTTLT  USZD  H  RAICI 


Tne  vulnerability  tests  allow  to  have  some  information  on  the  explosivo 
behavior  o'  the  gun  propellants  submitted  to  deliberate  aggressions  such  as: 


-  bullets 

-  shaped  charges 

-  crushing 

-  explosive  shocks 

-  thermal  aggressions 


The  explosive  behavior  consists  of  : 


-  the  blast  effects 

-  the  thermal  effects 

-  the  projections  effects 


Three  levels  of  else  for  the  samples  are  possible  : 


-  the  laboratory  tests  (up  to  3  kg  of  explosive  material) 

-  the  model  testa  (up  to  20  -  30  kg  of  explosive  material) 

-  the  true  size  tests  on  ammunitions 


The  tables  1  present  the  main  French  laboratory  tests. 

The  table  2  end  figure  1  present  the  main  French  model  tests. 

Some  interesting  true  si£?  tests  are  reminded  at  the  end  of  this 
paragraph. 
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OBSERVED  POSSIBLE 
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(1)  (80  to  300  V/cmj)  propellant  Time  for 

IGNITABILITY  TESTS  _  ignition  with 

70  g  in  closed  reference 

(2)  Flame  (propane  gas-air)  vessel  of  3  liters  materials 


TABU  2 


MAH  VUKH  TESTS  OK  RODKLS  USB)  H  TUUBBABILITT  FB0G1AHS 


NAME  OF  THE  TEST 

AGGRESSION 

SAMPLE 

AND  CASING 

CRITERIA  AND 
OBSERVATION 

BULLET  IMPACT 

Unique  impact  by 
a  AP  bullet  of 

12.7  am.  Velocity 
from  400  to  12G0m/s 
by  stepa  of  200  m/s 

Volume  of  gun 
propellant  ■  3 

liters 

Casing  :  steel 

There  shall 
be  no  detonation 

CRUSHING  TEST 

Unique  impact  by  a 

3  kg  bullet, 
hitting  the  model 
at  65  m/a 

Bullet  ■  0  81  mm 
h  -  210  mm,  steel 

Thickness  3  mm 

ID  »  90  mm 

L  ■  309  mm 

It  is  a  90  mm 
cartridge  case 

Closed  by  a  2  kg 

The  state  of 
the  casing  is 
examined  after 
each  test 

•  mm 

The  reaction 

FIRE  TEST 

External  fire  of 

45  litera  of  fuel 

cannon  ball 
(cylindrical) 

is  filmed 

SHAPED  CHARGE 

TEST 

Unique  impact  by 
a  120  kJ  ahaped 
charge  through 
a  steel  plate, 

200  mm  thickness 

See  figure  1 
hereafter 

SLOW  COOK-OFF 

A  gradually  increa¬ 
sing  air  temperatu¬ 
re  at  5*C/min 

The  same  casing  is  used  towards  different  aggressions* 
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DESIGN  Of 


FIGURE  i 
Scale  1/2 


P5»  79  nun 


tsui  sin  nay  no 


Of  particular  interact  are  the  taata  on  paokagma  (the  complete 
product  consisting  of  the  packaging  and  the  ammunitions ,  or  the 
gunpropellants). 


Packages  can  be  submitted  : 

-  to  fire  (see  U  N  test  6c) 

-  to  bullet 

-  to  shaped  charge 


Blast,  projection,  thermal  flux  must  be  recorded  or  collected  if  one 
wants  to  have  detailed  results. 


II  -  KXPLOSIfl  HBHATIOI  AH)  BK3ULTS  01  3  GUIPBGFKLLAIT3 


It  must  br  reminded  that  the  level  of  vulnerability  of  a  weapon  system  is 
a  characteristic  of  the  total  system  (including  the  carrier). 


In  order  to  lower  this  level,  and  after  reduction  of  the  detectability 
and  hittability  of  the  weapon  system,  it  is  admitted  that  there  are  three 
types  of  solution. 


TYPE  A  :  Use  a  better  projection  to  the  munition  (Armor,  Kevlar  sheets,...) 

TYPE  B  :  Redesign  the  casing  of  energetic  materials  ;  for  example 
fragilization  of  the  outside  casing  to  let  the  hot  gases,  go  out,  in  case 
of  ignition 

TYPE  C  :Redesign  the  munition,  and  use  less  sensitive  gunpropellants. 


It  is  admitted  that  the  use  of  lese  sensitive  gun  propellants  improves 
the  response  of  the  weapon  system.  This  paper  is  devoted  to  the  influence  of  a 
change  of  the  gun  propellant. 
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u..'*-"'  Buiipropellanta  in  packaginga  detonate  after  an  attack  by  a 

t. ->*  unarge,  when  they  are  unprotected. 


Finer  gunpropellanta  oan  detonate  after  an  initiation  by  50  to  100  g  of 
high  explosive. 


ttSTKD  OtnnORLLaPTS 

Three  gunpropellante  were  tested 


1*  -  Gunpropellant  type  B  19  T  -  1*34 
Veb  *  1.34  an  used  for  103  mm  OFL 
(Equivalent  toAPDSFS) 

Single  base 

2*  -  Gunpropellant  typo  LB  7  T  -  1.2 
Veb  ■  1.2  mm  -  seven  perforations 
Used  for  100  mm  caliber,  Navy  Forces 
Cool  burning  single  base  with  3  %  Dinitrotoluene 

3*  -  Candidate  Lova  gunpropellant 
YH  -  7  T 

Web  »  0-9  mm  -  seven  perforations 


The  two  first  gunpropellanta  are  fielded  ;  they  are  tested  as 
references. 


See  hereafter  on  Table  3  and  figure  2  for  details  on  the  two  variants  of 
YH-7T. 
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U3ULY3  :  The  result*  ere  presented  hereafter  in  Tables  4  end  5* 


TAELS  4 

RESULTS  OS  LABOBATOKT  TBTS 


GUNPR0PSLLAN7 

TEST 

B  19  T  (1.34) 

LB  7  T  (1 .2) 

CANDIDATE 

LOVA 

YH  -  7  T 

CRITICAL  THICKNESS 
OP  DETONATION 

<8.5  mm 

>60  mm 

>1  5  nun 

LENGTH  BEFORE 
DETONATION 

>1 ,200  mm 

>1 ,200  mm 

• 

4^1  V  200  mny* 

GAP  TEST 

* 

38  mm 

$0.2  mm 

V 

<  36  mm 

REACTION  TO  SHAPEI 
CHARGE 

• 

detonation 

no  reaction 

no  reaction 

30  KG  FALLHAMMER 
(NO  REACTION) 

1 ,250  mm 

^4,000  ram 

2*4,000  mm 

CRITICAL  HEIGHT 
(NO  DETONATION) 

>1,000  mm 

> 1 , 000  mm 

> 1 , 000  mm 

HOT  BALL  TEST 
(FOR  MASS  0.13  G) 

• 

450*C 

* 

375’C 

625*C 

FRICTION 

SENSITIVITY 

112  N 

0  %  a  353  N 

298  N 

wSBKSWKKKM 

166*C 

170*C 

234  *C 

IGNITION 
propane  flame 
ignition  time 

230  ms 

190  ms 

5600  ms 

— —  — —  —  —  — ■ 

*  Estimated  from  similar  gunpropellants 


96 


TABLE  5 


HJBSUITS  OH  HODF  . 


J3UNPROPELLAK 


BULLET  IMPACT 


CRUSHING 


SHAPED  CHARGE 


LB  7  T  (1 .2) 

YH7T(0.9) 

DEFLAGRATION 

NO  DEFLAGRATION 

DEFLAGRATION 

NO  REACTION 

DEFLAGRATION 

NO  DEFLAGRATION 

DEFLAGRATION 

DEFLAGRATION 

NO  DEFLAGRATION 

NO  DEFLAGRATION 

*  Estimated  from  similar  gunpropellants 


Ill  -  POSSIBLE  OBJECTIVES  AID  CRITERIA  0?  BEHAVIOR  POB  GUIFROPELLAIT 


Throe  basic  principles  are  to  be  respected  : 


Principle  A  :  the  performances  of  the  gun  propellant  must  remain  at  a 
proper  level  in  the  weapon. 

Principle  B  :  the  cost  of  the  total  system  must  remain  comparable  : 

arguing  on  the  cost  of  a  separate  component  such  as  the 
gun  propellant  is  of  no  significance  for  a  property  which 
is  a  total  system  property 

Principle  C  s  the  improvement  in  vulnerability  must  be  significant. 


We  will  develop  this  third  principle. 
Three  combined  effects  are  undeaired  : 


-  the  blast 

-  the  projection 

-  the  thermal  flux 


with  their  cwn  severity  and  probability 

If  we  have  a  gain  on  the  blast,  for  example  in  reducing  the 
detonability  of  the  gun  propellant,  the  progress  will  be  of  little  interest 
if  we  maintain  a  high  level  of  burning  rate  in  a  confined  situation. 


98 


POSSIBLE  PROGRESS  II  THERMAL  EFFECTS 


Figure  3  gives  for  different  gun  propellants,  in  different  packagings, 
the  expected  maximal  radiant  flux  at  HO  meters  for  10,000  kg  of  product. 
The  durations  of  fire  are  given  in  seconds.  The  maximal  radiant  flux  are 
given  in  kilcwatt  by  square  meters.  The  assumptions  for  figure  3  are  the 
following. 

1  NEQ  Constant  «  10,0000  kg 

2  Product  =  gun  propel lant 

3  Constant  out  put  *  50  kJ/m^  at  140  meters 

4  1-3a/1-3b  divide  according  to  the  french  regulation 

5  Ratio  max.  flux/average  flux  =  3 

6  As  comparison,  liquefied  propane,  after  a  punching  of  the  tank 

and  fire  of  the  exhausted  gaz  (product  of  class  2  -  mass  of  propane 
of  10,000  kg) 


The  different  poin's  are  coming  from  calculations,  or  experiments. 


A  French  subdivision  between  products  which  burn  with  a  considerable 
radiant  heat  (l-3  a  products),  and  products  which  give  an  important  radiant 
heat,  but  burn  during  a  longer  time  or  one  item  after  the  other  (1-3  b)  is 
visible  or*  the  figure  3. 


99 


n 


MAXIMAL  RADIANT  FLUX  AT  UO  METERS 
(  KW/M2 1 - 1 

*  0.93  Q  0,21  ' 


Liquefied  propane 
see  assumption  6 


f1 


Possible  extremum  (Extrapolated) 
Ballpowder  in  monocontainer 


Extrapolated  M26  -  Web  =  1  mm 
PLYWOOD  DRUM 


French  trial  TIGRE  N°  6 
Small  caliber,  10,000  kg 
real,  plastic  bags 


UN  Manual 
(Extrapolated) 

4  kW/m.2  for  100  kg 

at  15  meters 


Figure  4  shows  in  function  of  : 

-  the  distance  to  the  center  of  tho  fire 

-  the  level  of  the  absorbed  thermal  flux  at  this  distance, 

the  curves  of  available  time  to  get  a  protected  position  before 
being  bunt  at  the  second  degree* 

The  assumptions  for  figure  4  are  the  following  : 

1  Radial  velocity  of  the  evasive  person  *  5  m/s 

2  Radiative  source  -  constant  flux 

3  Duration  of  the  fire  -  illimited 

4  Burn  *  second  degree 

5  Th‘3  thermal  flux  taken  int>  account  here  is  the  thermal  flux 
absorbed  by  the  skin  and  not  the  incident  thermal  flux. 

When  the  evasive  action  iB  not  radial,  figures  at  the  right  of  tne 
curves  can  be  used. 


THERMAL  FLUX  ABSORBED  AT  THIS  DISTANCE 
I  (KW./M2) 


Illimiied  time 
No  2  nd  degree  burn 


See  3  examples  i  A,B,C, 
Next  page 

(Calculation  realized 
with  a  computer  code) 


Very  small  available  duration  of  time 
to  get  a  protected  position 


15  kW/m 


limited  time 


Initial 
distance  from 
the  center  of  the 
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-  A  flame  of  a  few  square  centimeters  emitting  a  radiant  flux  of 
70  kw/m2  (not  very  hot  flame).  At  10  cm  of  it,  the  radiant  flux  is  only  of 
0.05  kw/m2. 

Example  :  A  hand  passing  in  the  flame  of  a  gas-lighter  is  not  burnt. 


keauple  b 


-  Assuming  an  absorbed  flux  of  12  kw/m2  at  60  m  from  the  center  of  a 
fire  ball,  a  man  running  away  with  a  velocity  of  5  m/s  can  not  be  burnt  to 
the  2  nd  degree.  (Case  of  15,000  kg  of  gunpropellant  in  plastic  bags) 


jg  AMPLE  C 


-  Assuming  an  absorbed  flux  of  10  kw/m2  at  120  m  frcm  the  center  of  the 
fireball,  a  man  running  away  with  a  velocity  of  5  m/s  has  twenty  seconds  to 
get  a  protected  position  before  being  burnt  at  the  2  nd  degree. 


-  END  OF  EXAMPLES  - 


From  the  curves  of  Figures  3  and  4,  we  can  deduce  it  would  be  quite 
useful,  to  have  in  1.3*  Ammunitions,  a  divide  value  in  order  to  have  two 
types  of  ammunitions.  The  first  type  of  ammunitions  (1.3  a)  would 
comprise  ammunitions  which  burn  with  a  considerable  radiant  heat.  The 
second  type  (1.3  b)  would  comprise  ammunitions,  the  thermal  effects  of 
which  would  be  limited.  A  fire  of  such  1.3  b  products  would  allow  near 
people  to  escape  from  their  place  safely,  in  a  majority  of  situations. 


CdCLOSIOIS 


^Significant  efforts  have  been  reported  in  developing  new  less  sensitive 
gux^ropellants.  These  efforts  must  be  translated  in  significant 
improvement  in  vulnerability  of  weapons*  Defining  clearly  the  objectivoa, 
would  be  an  essential  step.  Thermal  effects  can  be  very  lethal  in  some 
situations.  It  could  be  useful  to  define  1-3  b  munitions  which  would  burn 
with  a  not  too  high  radiant  heat^. 
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EFFECTS  OF  EXPLOSION  ON  ADJACENT  BAY  BLOWOUT  WALLS 

by 


Paul  D.  Smith  and  Theodora  R.  Crawford 


Analysis  and  Testing  Group 
Los  Alamos  National  Laboratory 
Los  Alamos,  New  Mexico 


Explosives  processing  plants  are  often  configured  as  adjacent  bays*  the  sixth 
wall  of  each  being  a  frangible  blowout  wall.  As  Illustrated  In  Fig.  1,  If  an 
explosion  occurs,  one  wishes  to  know  whether  the  blowout  wall  will  be  pushed 
In  or  pulled  out  by  the  blast  wave.  If  pushed  In,  the  explosives  operation  In 
that  bay  may  be  at  risk  from  blowout  wall  debris.  The  plant  Investigated  In 
this  study  has  processing  bays  that  are  nominally  24-ft  deep,  20-ft  wide,  and 
12-ft  high.  Charge  weights  considered  were  25  and  100  lbs  of  PBX  9404. 

Figure  2a  shows  a  schematic  representation  of  a  single  processing  bay  and  an 
attached  wall  representing  the  blowout  wall  of  an  adjacent  bay,  upon  which 
pressure  measurement  stations  are  designated.  This  configuration  was  subse¬ 
quently  used  In  a  series  of  scale  model  experiments.  Figure  2b  shows  an 
axisymmetrlc  approximation  of  the  processing  bay  and  attached  wall.  The 
diameter  of  the  axisymmetrlc  model  was  chosen  to  preserve  the  cross  sectional 
area  of  the  rectangular  bay. 

A  finite  difference,  axisymmetrlc  numerical  model  of  the  processing  bay  was 
studied  using  the  SALE1  computer  code.  Computational  cells  were  approximately 
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15  In.  x  14  In.  At  time  zero,  explosive  modelled  with  suitable  density  and 
Internal  energy  at  the  center  cell  of  the  bay  was  allowed  to  release  Its 
energy  Instantaneously.  Pressure  and  specific  Impulse  at  three  points  on  the 
simulated  adjacent  blowout  wall  were  calculated  and  are  shown  In  Fig.  3  for 
the  middle  location.  These  showed  an  Initial  Inward  pressure  load  of  suffi¬ 
cient  impulse  to  cause  concern  that  the  blowout  wall  would  fall  catastroph¬ 
ically. 

These  disturbing  analytical  results  led  to  scale  model  confirmatory  experi¬ 
ments.  Figure  4  shows  a  one-eighth  scale  steel  model  of  the  processing  bay  to 
which  a  rigid  steel  wall  has  been  appended  to  model  the  blowout  wall  of  an 
adjacent  bay.  Three  pressure  transducers  were  Installed  In  this  wall  at  posi¬ 
tions  shown  In  prototype  scale  In  Fig.  2a.  Explosive  charges  were  cylinders 
of  PBX  9404  weighing  22-  and  88-g.  Figure  5  shows  a  charge  being  suspended  on 
monofilament  line  at  the  center  of  the  model.  Charges  were  detonated  from  the 
bottom. 

The  transducers  selected  for  this  application  were  the  new  pi ezoresl stive, 
silicon  diaphragm,  full  active  arm  bridge,  series  8510  marketed  by  Endevco. 

The  major  problem  associated  with  pressure  measurements  In  a  metal  wall 
subjected  to  mechanical  shock  Is  acceleration  Induced  signal  In  the  trans¬ 
ducer.  The  specified  sensitivity  of  this  transducer  to  acceleration  along  Its 
sensitive  axis  Is  typically  0.3  psi/1000  g's.  The  DC  response  of  the  pressure 
transducers  enabled  us  to  make  simple  static  erd-to-end  calibrations  with  a 
dead  weight  tester.  Photosensitivity  of  the  transducers  was  successfully 
sidestepped  by  carefully  removing  the  protective  screen  over  the  diaphragm  and 
completely  coating  the  diaphragm  with  a  light  layer  of  opaque  grease.  The 
grease  was  standard  silicon  vacuum  grease  loaded  with  approximately  30X  by 
weight  of  dry  copier  toner.  Damping  created  by  the  grease  applied  to  the 
diaphragm  would  affect  tne  frequency  response  somewhat  but,  if  the  coating  Is 
just  sufficient  to  cover  the  diaphragm,  the  effect  Is  negligible. 
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The  cabling  In  the  system  consisted  of  a  3U-1n.-long  transducer  pigtail 
(4  cond,  #32AWG,  shielded)  connected  to  115-ft  length  of  15  pair  cable  (#22 
AWG,  twisted,  shielded  pair),  which  In  turn  connected  to  a  30-ft  length  of 
2  pair  (#22  AWG,  twisted,  shielded  pair)  that  terminated  via  a  single 
connector  to  the  signal  conditioner.  The  low  side  of  the  excitation  was 
connected  to  the  shield  In  the  pigtail  and  was  grounded  at  the  test  fixture. 
The  shields  of  the  pairs  were  connected  through  and  maintained  separately 
until  the  connection  at  the  pigtail  where  they  were  tied  together  and 
grounded.  The  signal  pair  shield  was  tied  to  the  signal  conditioner  guard, 
and  the  excitation  pair  shield  was  insulated  and  floating  at  the  signal 
conditioner. 

The  signal  conditioners  were  Ectron  776B  units.  These  consist  of  a  high  gain 
differential  amplifier,  an  excitation  supply,  and  an  adjustable  calibration 
supply  contained  in  a  shielded  box  maintained  at  guard  voltage.  The  power 
transformer  primaries,  the  final  amplification  stages,  and  some  control 
circuitry  are  outside  of  the  guard  shield  but  inside  the  main  cabinet  main¬ 
tained  at  local  system  ground.  Each  signal  conditioner  Is  self  contained  and, 
with  the  exception  of  the  primary  power  feeds  and  the  local  ground,  art 
completely  Isolated.  This  configuration,  along  with  proper  cabling,  provides 
freedom  from  ground  loop  Induced  noise  and  noise  from  common  mode  signals.  A 
calibration  signal  that  matches  the  full-scale  output  of  the  transducer  is 
applied  to  the  Input  of  the  amplifier  just  before  zero  time.  The  known  signal 
level  is  recorded  through  the  same  path  as  the  transducer  signal,  enabling  one 
to  use  it  as  a  calibration  reference  for  the  unknown  signal. 

The  bandwidth  of  the  signal  conditioners  is  100  kHz.  The  excitation  voltage 
to  the  transducers  was  set  to  10.00  VDC  at  the  signal  conditioner. 

The  output  of  each  signal  conditioner  was  attenuated  to  match  the  input  level 
(+  1,414  V)  of  a  Honeywell  101  Instrumentation  Tape  Recorder.  The  input  to 
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the  recorder  was  a  wide-band  Group  I  IRIG  FM  channel.  Recording  speed  was 
120-1  n./s,  providing  an  effective  bandMidth  of  DC  to  80  kHz.  The  very  stable 
tape  speed  of  this  unit  was  relied  on  to  eliminate  time  base  errors  and  FM 
frequency  shifts. 

The  data  reduction  portion  of  the  system  used  the  reproduce  portion  of  the 
tape  recorder  to  regenerate  the  analog  signal,  a  Nlcolet  660B  signal  analyzer 
to  time  domain  digitize  the  analog  signal,  and  an  HP  85  computer  and  periph¬ 
erals  to  store  and  plot  the  data. 

The  overall  system  Is  shown  in  Fig.  6. 

Figures  7  and  8  show  measured  pressure  raw  data  for  22-  and  88-g  shots. 
Pressure  scales  directly,  but  time  and  Impulse  must  be  multiplied  by  the 
geometric  scale  factor  of  eight  to  transform  these  data  from  model  to  proto¬ 
type  scale.  Each  pressure  record  Is  characterl zed  by  multiple  short  duration 
peaks,  sources  of  which  are  the  various  reflecting  surfaces  In  the  processing 
bay,  followed  by  a  long  negative  phase  of  small  magnitude  relative  to  the 
positive  phase.  In  Table  I,  peak  pressures  and  positive  specific  Impulses 
calculated  using  the  axl symmetric  computer  model  are  compared  with  measure¬ 
ments  from  the  scale  model  experiments.  Except  at  the  far  position  for  the 
smaller  charge,  the  measured  data  confirm  to  within  an  order  of  magnitude  the 
calculated  pressures  and  Impulses. 

Having  confirmed  the  substantial  Inward  load,  the  blowout  wall  was  analyzed 
for  structural  failunf.  The  building  was  constructed  In  the  lS50's,  and  the 
only  Information  on  the  structure  of  the  blowout  wall  was  a  drawing  note: 

"Panels:  -  Robertson,  'Q-Panel '  Type  'A'  14  B4S  Ga.  3SH14 
Aluml num  with  1-1/2-i  n. -thick  'Flberglas'  Insulation  Type 
PFG  or  Equal." 
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TABLE  I 


CALCULATED  AND  MEASURED  LOADS  ON  ADJACENT  BLOWOUT  WALL 


CALCULATH)  AND  MEASURED  LOADS 

mmjjt  mmuM 

POSITIVE  IMPULSE 

CHAWS 

lUMMan 

tP*Q 

(PPM M) 

VMNT 

LOCATION 

CALOULATU 

MA8UNND 

CALCULATE) 

M8A8IMD 

NEAR 

H 

80 

38 

44 

100  LBS 

10 

14 

83 

47 

EAR 

7 

« 

8S 

88 

MAR 

• 

10 

14 

84 

as  ibs 

mu 

8 

8 

S3 

84 

MR 

S 

6 

If 
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Perusal  of  Laboratory  archives.  Inquiry  to  the  H.  H.  Robertson  Co.,  and  search 
of  an  old  building  materials  landfill  resulted  In  neither  detailed  drawings 
nor  a  sample  of  the  blowout  wall  panels  used  In  this  building.  Figure  9  shows 
the  panel  cross  section  as  determined  from  on-site  measurements.  Ideally  a 
sample  of  this  complex  cross  section  would  be  available  for  experimental 
determination  of  Its  moment  capacity.  Absent  this  option,  structural  proper¬ 
ties  were  calculated5*  and  are  summarized  In  Fig.  9.  Ultimate  moment  carrying 
capacity  was  assumed  to  occur  when  the  webs  of  the  corrugated  front  panel 
buckled. 


In  all  cases,  the  positive  phase  duration  of  the  load  Is  less  than  25*  of  the 
equivalent  single  degree  of  freedom  natural  period  of  the  blowout  wail  panel. 
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Peak  deflections  were  calculated  using  linearized  forms  of  the  measured  pres¬ 
sure  traces  and  Newmark  numerical  Integration.  These  results  were  checked  by 
converting  the  positive  phase  pressures  to  simple,  zero-rise-time  triangular 
pulses  that  preserved  peak  pressures  and  specific  Impulses  of  the  measured 
data.  Peak  deflections  were  then  obtained  using  the  standard  procedure  found 
In  TM5-1300.3  Peak  deflections  are  summarized  In  Table  II  and  confirm  that 
Inward  catastrophic  failure  of  the  blowout  wall  Is  likely. 


Qualitative  numerical  experiments  were  run  using  the  axlsymmetrlc  finite 
difference  model  to  see  5f  extension  of  the  partition  between  processing  bays 
would  limit  the  pressure  loads  on  adjacent  blowout  walls.  Extensions  of  up  to 
10  ft  were  tried,  and  although  pressures  were  reduced,  sufficient  reduction 
did  not  occur.  These  calculations  are  summarized  In  Fig.  10.  No  scale  model 
tests  were  run  In  this  configuration.  Figure  11  shows  the  simple  Interior 
blowout  wall  braciuj  system  eventually  used  In  this  building  to  limit  inward 
^flection  of  the  blowout  walls.  The  blowout  walls  are  not  attached  to  the 
braces. 


\  + 


or  a  particular  processing  bay  conf1gurat1on,^4iave^shavn  that  adjacent  bay 
blowout  walls  are  at  risk  for  catastrophic  Inward  failure.  An  axlsymmetrlc 
computer  model  of  the  fluid  flow  associated  with  an  explosion  proved  useful  in 
this  configuration  for  determination  of  loads  on  adjacent  blowout  walls. 
Existing  blowout  walls  found  to  be  vulnerable  can  be  easily  braced.  Designers 
of  blowout  walls  for  new  explosives  processing  facilities  must  consider  the 
possibility  of  inward  failure.. 

Ar 
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TABLE  II 

CALCULATED  BLOWOUT  WALL  DEFLECTIONS 


CALCULATED  DEFLECTIONS  DUE  TO  MEASURED  LOADS 

CHARGE 

WEIGHT 

MEASUREMENT 

LOCATION 

PEAK 

PANEL 

DBUCTION 

<*> 

PEAK  DEFLECTION 

VBS  dBuction' 

NEAR 

TI7 

66 

100  LBS 

MRXXE 

36 

20 

FAR 

60 

26 

NEAR 

10 

6 

16  LBtt 

MDOLE 

19 

6 

FAR 

tt 

T 
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ABSTRACT 

his  work  presents  a  computational  study  of  blast  venting  from  a 
cubicle,  for  a  charge  detonated  at  the  center  of  the  cubicle.  The  study  is 
carried  out  using  the  PISCES  20ELA  code  employing  modern,  second  order 
accurate,  flow  calculations.  The  computational  model  has  provisions  for 
varying  the  charge  weight,  the  venting  area,  and  the  frangible  panel  mass. 
The  results  of  the  calculations  are  presented  in  the  form  of  wall  impulse 
and  average  pressure  time-histories.  Comparison  with  previous  work  is 
Included. 


INTRODUCTION 

The  design  of  vented  chambers,  with  or  without  a  frangible  panel, 
requires  a  means  for  estimating  the  impulse  loading  on  the  walls.  Previous 
work  Induces  experimental  data  in  the  form  of  wall  pressure  time-hiatorlas 
[1],  simplified  mathematical  models  for  the  effects  of  a  frangible  panel 
[23,  and  some  numerical  flow  calculations  of  shock  reflection  and 
reverberation  inside  the  structure  [3].  A  recent  study  [4J  combined 
theoretical  results  and  experimental  data  and  reduced  them  to  a  single 
"working  curve"  using  similarity  methods. 

The  purpose  of  present  work  is  to  study,  in  detail,  few  cases  of  blast 
venting,  and  to  compare  them  with  reported  results.  We  employ  a  numerical 
solution  of  the  full  flow  problem,  including  both  the  initial  Intense  shock 
reflections  and  the  later  gradual  venting.  Frangible  panels  are  treated  as 
nndeformahle  bodies  with  finite  mass,  and  are  allowed  to  move  through  the 
flow  field  by  the  action  of  the  surrounding  pressure. 


The  numerical  solution  is  obtained  with  the  PISCES  2DELK  code,  using 
its  second  order  Euler  processor  (5).  The  results  of  the  calculations  are 
presented  in  the  form  of  precsure  contours  and  velocity  vector  fields  at 
selected  times,  and  time-histories  of  pressure  and  Impulse  on  the  trails. 


STATEMENT  OF  THE  PROBLEM 

To  conform  to  the  axial  symmetry  of  the  nuiiterlcal  code,  ve  consider  a 
cylindrical  cubicle,  having  equal  length  and  diameter.  (Fig.  1).  One  end 
of  the  cylinder  is  assumed  to  be  completely  closed,  whereas  the  other  end 
has  a  circular  opening  to  represent  the  venting  area.  The  venting  area  aay 
he  left  open,  or  it  may  be  covered  hy  a  frangible  panel.  An  explosive 
charge  is  assumed  to  be  detonated  at  the  center  of  the  cylinder. 

The  parameters  in  the  problem  are: 

V  -  the  volume  of  the  cubicle, 

U  -  the  energy  of  the  explosive  charge, 

A  -  the  venting  area, 

M  -  the  areal  density  of  the  frangible  panel. 

These  parameters  define  the  problem  comletely,  when  the  equation  of 
stste  of  air  and  the  initial  state  (pressure  snd  density)  are  given.  The 
solution  of  the  resulting  flow  field  should  provide  the  Impulse  I  Imparted 
to  the  walls,  which  is  the  central  objective  of  the  calculation. 

The  specific  dimensions  of  the  cubicle  were  chosen  such  that  its 
volume  is  one  cubic  meter.  A  nominal  explosive  energy  of  4.5  MJ  was  taken 
representing  one  Kg.  of  TNT.  Three  cases  of  open  vents  were  calculated, 
and  one  case  of  a  frangible  panel.  These  few  cases  are  not  intended  to 
provide  design  data.  Rather,  they  are  regarded  as  a  feasibility  study  to 
assess  the  methodology  of  using  detailed  flow  calculations,  to  validate  or 
calibrate  existing  simplified  models. 

The  parameters  of  the  runs  are  as  follows: 

V  -  1  m3, 

W  *  4.5  MJoule, 

A  *  0.916  ,  0.554  and  0.180  m^,  for  M"0, 

A  ■  0.554  m^  for  M"10  Kg/m^. 
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THE  COMPUTATIONAL  MODEL 


The  computational  model  consists  of  a  grid  of  1.44mx0.72m  with 
computational  zones  of  0.03mx0.03m.  The  cubicle,  with  dimensions  of 
1 ,08m( length) x0.54m( radius),  la  Imbedded  In  the  computational  grid  as- shown 
In  Fig.  2.  The  cubicle  walls  are  represented  in  the  model  by  defining  the 
zones  along  the  vails  as  cells  with  rigid  boundaries.  Along  the  sides  of 
the  computational  grid  we  employ  boundary  conditions.  The  axis  of  symmetry 
and  the  closed  end  of  the  cubicle  are  given  a  rigid  wall  condition  , 
allowing  motion  parallel  to  the  wall  only.  The  rest  of  the  boundaries  are 
assigned  a  "continuatl ve  flow"  condition,  which  prevents  reflections  from 
the  boundaries,  thus  simulating  an  infinite  medium*  The  continuatlve  flow 
condition  Is  an  approximation  that  saves  computational  resources  while 
sacrificing  some  accuracy  In  the  results. 

The  explosive  charge  Is  simulated  by  a  sphere  of  dense  hot  sir,  having 
the  same  energy  and  mass,  but  extending  over  a  larger  volume.  (A  sphere  of 
0.2122m  radius,  four  times  larger  than  the  actual  radius  of  the  1  Kg.  TNT 
charge).  Again,  this  approach  is  employed  to  save  computer  resources, 
stnce  the  actual  charge  would  have  required  much  finer  zoning,  and 
consequently  much  smaller  time  steps.  It  Is  expected  that  the  long  term 
impulse  on  the  walls  will  not  be  affected  appreciably  by  this 
approximation,  as  was  actually  verified  in  a  test  case.  'Reported  in  the 
next  section). 

The  calculations  reported  here  consumed  a  total  of  18u  hours  on  a  VAX 
75U  machine. 


RESULTS 


2  2 

As  an  example,  results  for  the  case  A«0.554m  ,  M-10Kg/m  are  shown 
(Figs.  3-6).  Fig.  3a  is  a  velocity  vector  plot  at  time-mS.  The  effects  of 
shock  reflection  from  the  walls  are  clearly  seen.  A  later  time  h  shown  in 
Pig.  3b,  where  the  frangible  panel  moved  sufficiently  to  clear  the  opening 
wall,  so  that  venting  started  on  the  perimeter.  At  a  later  time,  venting 
is  established,  and  the  gas  flows  around  the  panel(  Fig.  3c).  At  thio 
rime,  the  panel  was  removed  from  the  computational  grid  (representing 
hreakage).  This  did  not  cause  an  appreciable  change  in  the  venting 
process,  since  the  actual  venting  area  at  the  perimeter  of  the  panel  was 
roughly  the  name  as  the  opening  area.  At  much  later  time  the  flow  pattern 
changes  to  that  of  an  uncovered  opening:  a  stream  along  the  axis  of 
symmetry  (of  the  kind  represented  by  Fig.  3d,  for  A**.  18,  M"0). 
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The  main  result  of  the  calculation  Is  the  wall  Impulse.  It  is 
obtained  hy  integration  of  the  pressure  on  an  assigned  section  of  the 
boundaries.  The  process  Involved  both  spatial  and  temporal  integration, 
and  la  carried  out  automatically  by  the  code.  Two  walls  were  designated  in 
those  calculation:  the  "hack",  or  the  closed  end  of  the  cubicle,  and  the 
’•aide"*,  or  the  cylindrical  wall  of  the  enclosure.  Time-histories  of  the 
impulses  on  these  walls  are  given  in  figs.  A. 

Wall  pressure  at  selected  points  could  also  be  shown,  hut  we  chose  to 
display  averaged  wall  pressures.  Point  pressures  are  sensitive  to  local 
reflection  effects,  whereas  the  averaged  pressures  represent  the  global 
loading  on  the  wall.  The  averaged  pressure  was  obtained  by  appropriate 
time  differentiation  of  the  Impulse  curves.  (Figs.  S). 

The  Inclusion  of  a  frangible  wall  is  demonstrated  in  Fig.  6,  where  two 
cases  vith  an  opening  of  A».55A,  with  and  without  a  frangible  wall,  are 
compared.  The  areal  mass  density  is  lOKg/m  ,  which  represents  a  panel 
having  41  of  the  mass  of  a  typical  hardened  wall  in  a  60m  chamber* 

To  evaluate  the  effect  of  the  initial  conditions,  we  compared  the 
resulting  impulse  for  two  cases  having  the  same  vent  area,  but  different 
Initial  volume  of  che  ^harge.  In  the  standard  case  the  charge  la  modeled 
hy  a  sphere  of  2SKg*/m  density,  and  in  the  test  case  the  density  la  200 
Kg. /in  .  As  would  be  expected,  the.  average  pressure  has  sharper  peaks  In 

the  "dense"  charge  case,  but  their  contribution  to  the  total  Impulse  la 

practically  Identical  to  the  standard  case,  the  difference  being  less  than 
5*  (F<g.  7). 

DISCUSSION 

A  summary  of  the  results  is  given  In  Table  l,  for  the  Impulse,  and  in 

Tahle  2,  for  the  pulse  duration,  I.  and  I_  are  the  impulses  of  the  back 

wall  and  the  -’ide  wall,  respectively.  I  la  the  reduced  impulse, 

averaged,  somewhat  arbitrarily,  over  the  two  walla.  The  reduced  impulse 

Is  defined  by  I-Ia  A/poV,  a  being  the  speed  of  sound  in  the  ambient  air. 

o  o  —  . 

Tahle  2,  shows  the  pulse  duration  T,  and  the  reduced  duration  T^a^TA/V. 

The  reduced  parameters  are  presented  tc  enable  a  simple  comparison  with 

previous  work. 
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According  to  the  similitude  analysis,  the  reduced  impulse  of  the 

quasi-static  pressure  is  a  constant  for  a  given  charge  per  unit  volume.  The 

three  values  in  table  1  are  almost  a  constant  (7.86*0.12).  This  is 

unexpected,  since  the  impulses  in  Table  1  are  total  impulses  (shock 

ref lection+quasi-statlc  pressure).  The  present  results  vhlch  Include  the 

shock  pressure  contribution,  are  Indeed  higher  than  values  presented  by 

previous  workers  for  che  quasi-static  pressure  only.  The  present  average 

value  of  7.86  is  20%  shove  the  value  given  by  Kuless  and  Frlesenhann  ([2], 

Fig.  A)  end  70%  above  the  best  fit  to  the  data  compiled  by  Anderson  et  al. 

( ( 4 J ,  using  W/P  V-450  or  p»17.2).  It  is  interesting  to  note  the  behaviour 
o 

of  the  quasi-static  Impulse  vs lues  calculated  for  our  configurations  by 
Tancreto's  equation  3a  (ref.  lc).  These  values  are  2,  4  and  13.2  MPa-mS 
for  A«.916,  .554  and  .18  respectively.  Compared  with  our  total  impulse 
values  of  2.8,  4. A  and  13.6  MPa-mS,  one  can  see  that  as  the  vent  area  gets 
smaller,  the  quasi-static  impulse  values  tend  to  become  very  nearly  the 
same  as  our  total  impulse  values.  However,  the  present  calculations 
disagree  with  the  TM5-1300  manual  16),  which  predicts  a  shock  reflection 
impulse  of  4.2  MPa-mS,  50%  higher  than  the  Impulse  for  A*0.916m  . 

The  case  with  frangible  panel  yielded  an  impulse  42%  higher  than  the 
corresponding  uncovered  case.  The  code  of  Kulesz  and  Frlesenhann  predicts 
an  increase  of  only  4%  for  this  case. 

The  pulse  durations  (Table  2)  range  from  4,4  mS  to  over  50  mS, 
depending  on  vent  area  and  the  presence  of  a  frangible  panel.  The  reduced 
duration  varies  between  1.35  and  3.00,  in  the  same  range.  This  result  does 
not  agree  with  the  simplified  modexs,  which  predict  a  constant  reduced 
duration  for  a  given  charge  per  unit  volume,  for  a  pure  quasi-static 
pressure  venting  process.  However,  this  result  seems  to  be  consistent  with 
the  compiled  experimental  data  [Anderson  at  al],  which  appears  to  have  much 
larger  scatter  than  the  reduced  impulse.  A  more  ext^r^ive  study  is 
required  to  clarifv  this  point.  The  parameter  T  (A)  , shown  in  the  last 

column  of  Table  2,  is  almost  a  constant,  for  the  cases  considered.  There 
is  no  simple  explanation  of  this  result,  at  present. 
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Tabic  1 


Impulse  for  explosion  venting 
V-l  cu.  meter,  W-4.5  MJ  (1  Kg.  TNT) 


Vent  Area 
2 

A,  itr 

Panel  Mass 
M,  Kg./m2 

Impulse(back) 
IB,  MPa-mS 

Impulsu(slde) 
Ig,  MPa-mS 

Reduced  Imp. 

I  ( averaged) 

m 

0. 

2.8 

2.25 

n 

0. 

4.46 

4.04 

KB 

0. 

13.6 

12.9 

KB 

0.554 

10. 

■an 

5.8 

11.2 

Table  2  . 


Pulse  duration  for  explosion  venting 
V-l  cu.  meter,  W-4.5  MJ  (1  Kg.  TNT) 


Vent  Area 
A,  m2 

Panel  Mass 
M,  Kg./m2 

Ouratlon 
T,  mS 

Reduced  duration 

T 

-  »/  * 
T  *  A  ' 

0. 

4.4 

1.35 

1.29 

0.554 

0. 

8.3 

1.53 

1.14 

0. 

50+ 

3.00 

1.27 

0 

10. 

9.3 

1.72 

CONCLUSIONS 

A  computational  model,  to  be  used  with  the  PISCES  2DELK  code,  was 
presented.  The  model  allows  a  complete  analysis  of  the  venting  problem, 
covering  both  the  shock  reflection  phase  and  the  quasi-static  pressure 
release  phase,  and  including  frangible  panel  effects.  Few  cases  were 
presented.  Comparison  wit.,  previous  works  cited  indicates  that  further 
work  is  needed  to  resolve  points  of  disagreement  and  turn  our  model  into 
routine  working  tool. 
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Fig  1:  Schematic  of  Vented  Cubicle 
2R=L=1.08m  (Volume=lm3) 


Rigid  Wall 

Fig. 2:  The  Computational  Grid 
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3c:  Velocity  Vector  Plot  at  t=1.9mSec 


Fig  3d:  Velocity  Vector  Plot  at  t=1.34  mSec  (A*.  18,  M=0) 
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Fig  5a:  Backwall  Average  Pressure 
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Fig  6b:  Backwall  Average  Pressure  -  Effect  of  a  Frangible  Panel 
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Effect  of  Energy  Density 
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PRESSURE/TEMPERATURE  DECAY  IN  AN  EXPLOSION  CONTAINMENT  ROOM 


by 


Donald  E.  Ketchum 
Mark  6.  Whitney 


Southwest  Research  Institute 
San  Antonio,  Texas 


INTRODUCTION 

The  U.S.  Army  Corps  of  Engineers  Is  designing  chemical  demilitarization 
facilities  to  reduce  the  number  of  stockpiled  chemical  weapons.  In  the  demll 
process,  weapons  are  mechanically  sheared  Inside  an  explosion  containment  room 
(ECR).  This  reinforced  concrete  room  Is  designed  to  provide  complete  blast 
and  fragment  confinement  and  contain  the  release  of  chemical  agent  In  the 
event  of  an  accidental  explosion  (Figure  1).  This  paper  describes  a  study 
conducted  by  Southwest  Research  Institute  to  determine  the  post-explosion 
environment  (pressure/temperature  decay)  Inside  an  ECR  following  an  accidental 
explosion  of  chemical  munitions. 

An  estimate  of  the  post-explosion  pressure  and  temperature  decay  Is 
needed  to  evaluate  potential  hazards  from 

o  cookoff  of  munitions  Inside  the  ECR 

o  leakage  of  toxic  gas  through  cracks  In  the  walls  and  penetrations 

o  required  time  to  return  to  a  safe  temperature 

o  spontaneous  combustion  of  materials  Inside  the  ECR 
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The  study  was  performed  In  three  stages.  First,  the  post-explosion 
environment  Inside  the  containment  room  was  studied  by  experimentally 
observing  the  cooldown  phenomenon  In  a  modeled  test  cell.  A  heat  transfer 
analysis  was  then  performed  to  predict  a  temperature  decay  that  could  be 
compared  to  experimental  data.  Complete  confinement  (no  leakage)  was  assumed 
In  the  analysis.  Finally,  the  problem  was  evaluated  numerically  to  model 
simultaneously  heat  dissipation  and  gas  leakage. 

EXPERIMENTAL  STUDY 

An  experimental  program  of  13  tests  was  performed  to  examine  the 
transient  temperature  and  pressure  in  an  unvented  enclosure  following  an  HE 
explosion  [1).  A  55  gram  spherical  charge  of  Comp  B  was  detonated  inside  an 
80  cu  ft  steel  structure.  Blast  and  gas  pressures,  thermal  flux,  and 
temperatures  were  recorded. 

The  test  cell  was  approximately  a  one-fifth  scale  model  of  the  ECR  (based 
on  geometric  scaling).  The  primary  objective  of  the  test  program  was  to  study 
blast  pressures  Inside  the  structure.  Hopklnson  scaling  was  then  used  Instead 
of  thermal  scaling.  However,  we  felt  that  test  data  could  also  be  collected 
on  thermal  transients  In  the  chamber  and  utilized  In  the  analysis.  It  was 
thought  that  a  heat  transfer  analysis  capable  of  predicting  the  cooldown  In 
the  test  cell  should  also  predict  cooldown  In  the  ECR. 

The  test  cell  differed  from  the  ECR  in  that  It  was  constructed  of  steel 
rather  than  concrete  and  that  there  were  no  blast  doors  or  penetration 
panels.  Pneumatic  tests  made  before  and  after  the  testing  showed  the  cell 
remained  virtually  leak  tight  during  the  test  sequence. 

The  instrumentation  locations  In  the  test  chamber  are  shown  In  Figure 
2.  Four  blast  and  gas  pressure  sensors,  two  gas  temperature  sensors,  two  wall 
temperature  sensors,  and  two  heat  flux  sensors  were  placed  in  the  test  cell. 

Figure  3  illustrates  the  pressure  decay  in  the  test  cell  following  an 
explosion.  Pressure  fluctuations  caused  by  the  reflection  of  shocks  In  the 
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Detonation  Pressure  Inside  the  Test  Chamber 


cell  die  down  within  a  second  of  the  detonation.  During  the  first  second*  the 
gas  pressure  decays  rapidly*  but  later  slows  to  an  exponential  decay. 

Thermal  measurements  show  that  the  wall  temperature  and  heat  flux  reach  a 
maximum  at  about  0.1  seconds  after  the  detonation  and  quickly  (within  0.5 
seconds)  diminish  to  a  fraction  of  the  peak  value  (Figure  4).  Following  an 
Initial  peak  of  about  130*F,  the  wall  surface  temperature  remains  within  15°F 
of  the  ambient  temperature  during  the  duration  of  the  cooldown. 

The  experimental  results  reveal  two  distinct  phases  of  gas  cooldown. 

Imned lately  after  the  detonation,  thermal  radiation  Is  the  dominant  heat 
transport  mechanism  as  the  hot  gas  products  rapidly  release  heat  to  the 
surroundings.  As  the  gases  Inside  the  ECR  are  explosively  set  In  motion  with 
the  detonation,  heat  transfer  Is  enhanced  by  forced  convection.  This  effect 
Is  short  lived;  however,  as  the  gases  are  randomly  tossed  about,  no  steady 
flow  fields  are  established. 

The  second  phase  of  cooldown  Is  characterized  by  a  slower  rate  of 
temperature  decay.  Heat  Is  lost  by  natural  convection  as  buoyancy  effects 
Induce  flow  paths  between  hot  and  cool  regions.  The  diffusion  of  heat  from 
the  Interior  of  the  room  to  the  walls  Is  the  rate  determining  process.  The 
walls  are  able  to  conduct  away  from  the  surface  as  quickly  as  It  Is  applied. 
This  Is  evidenced  by  the  near  ambient  wall  surface  temperatures  observed  In 
the  experiment. 

HEAT  TRANSFER  ANALYSIS 

The  objective  of  che  heat  transfer  analysis  [2]  was  to  develop  a 
prediction  procedure  based  on  the  dominant  heat  transfer  mechanism  during  the 
cooldown,  natural  convection. 

The  gross  cooldown  of  the  gas  Inside  the  enclosure  may  be  simplified  to 
the  following  energy  transfer. 
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Figure  4.  Thermal  Measurements  Inside  Test  Cell 


145 


/rate  of  decrease  in\  _  /convective  heat  flow-* 
internal  energy  '  '  ^  *;o  surroundings  * 


»ovV  g  *  -h*(T-IH)  (1) 

where  V  and  A  are  the  volume  and  surface  area  of  the  room,  p,  cpt  and  h  are 
the  density,  constant  volume  specific  heat,  and  convective  heat  transfer 
coefficient  of  the  gas;  T,  and  Tw  are  the  gas  and  wall  temperatures;  and  t  is 
the  time. 

The  solution  to  the  differential  equation  is 


PCyV' 


(2) 


where  TqS  Is  the  peak  gas  temperature. 

Assumptions  made  In  this  simplification  are: 

o  radiation  Is  neglected.  The  first  phase  of  cooldown  Is  Ignored  to 
give  a  conservative  (longer  duration)  prediction. 

o  wall  temperature  remains  constant. 

o  complete  gas  mixing  from  the  explosively  driven  turbulence  of  the 
detonation. 

o  Ideal  gas  behavior.  This  permits  a  correlation  between  temperature 
and  pressure;  T-Tw/Tqs-Tw  -  P/Pqs. 

o  gas  properties  based  on  time  weighted  gas  temperature. 

The  convective  heat  transfer  coefficient  Is  dependent  on  the  properties 
of  the  gas  (kinematic  viscosity,  thermal  dlffuslvlty,  etc.)  and  on  the 
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geometric  constraints  on  the  convective  flows  In  the  enclosure.  Natural 
convection  Is  defined  In  nondlmens Iona 1  terns.  The  Rayleigh  number,  Ra,  Is 
the  ratio  of  the  buoyant  and  viscous  forces  In  the  gas,  and  so  corresponds  to 
the  amount  of  gas  motion  In  the  enclosure.  The  Nusselt  number.  Mu,  Is  the 
ratio  of  the  amount  of  heat  transfer  from  convection  and  conduction.  The 
Nusselt  and  Rayleigh  numbers  have  been  related  empirically  for  a  variety  of 
geometries.  The  cooldown  was  examined  by  considering  the  enclosure  as 
vertical  or  horizontal  plates,  and  as  a  vertical  cylinder. 

An  eight-step  procedure  Is  used  to  predict  the  temperature/pressure 
decay: 

1.  The  peak  quasi-static  pressure,  Pqs,  Is  determined  for  the  ratio  of 
charge  weight  to  room  volume. 

2.  The  total  number  of  moles  of  gas  in  the  enclosure  following  the 
detonation  (Including  combustion  products)  Is  determined. 

3.  The  peak  quasi-static  temperature,  Tq$,  Is  estimated  from  the  ideal 
gas  law. 

4.  A  time-weighted  temperature,  T*,  and  film  temperature,  Tm,  are 
calculated  based  on  an  exponential  decay.  Gas  properties  are 
evaluated  at  the  film  temperature. 

5.  The  Rayleigh  number  Is  determined  at  temperature  T*. 

6.  The  Nusselt  number  is  found  as  a  function  of  the  Rayleigh  number. 

Nu  -  c  Rab 

where  b  and  c  ~re  empirical  constants. 

7.  A  convective  heat  transfer  coefficient  is  determined  from  the 
Nusselt  number. 

8.  The  pressure-temperature  decay  Is  taken  from  Equation  2. 


Comparisons  of  predicted  to  experimental ly  observed  transient  pressure 
are  shown  In  Figure  5.  The  predicted  decay  rate,  m,  closely  estimates  the 
experimental  data  when  the  theoretical  calculations  are  based  on  an  average  of 
vertical /horizontal  plate  configurations,  ihls  heat  transfer  model  may  then 
be  applied  with  some  confidence  to  the  cooldown  Inside  the  ECR. 

NUMERICAL  ANALYSIS 


In  the  chemical  demll  process,  sections  of  munitions  sheared  apart  In  the 
ECR  are  dropped  through  a  feed  chute  to  a  furnace  retort  (Figure  1).  A 
structural  analysis  of  the  feed  chute  leading  from  the  ECR  to  the  deactivation 
furnace  [3]  reported  potential  plastic  deformation  In  the  chute  should  an 
accidental  explosion  occur.  This  blast-induced  deformation  creates  a  gap  in 
the  containment  room  through  which  gases  would  leak  through.  A  numerical 
analysis  (4]  was  required  to  consider  simultaneous  gas  leakage  and  cooldown. 
Gas  leakage  rates  and  the  effect  of  leakage  on  the  pressure  decay  were 
determined. 


The  governing  equation  was  modified  to  Include  leakage  by 

/rate  of  decrease  in-j  _  >heat  loss  to-j  +  ^convective  heat  flow\ 
'  internal  energy  J  ^ leaking  gas  J  to  surroundings  * 


o  v  dT 

•V  dt 


*VpT  -h,<T-V 


where  Is  the  leakage  rate  and  cp  Is  the  constant  pressure  specific  heat  of 
air.  The  leakage  mass  flow  of  a  compressible  Ideal  gas  through  an  orifice  Is 


for  unchoked  flow 


=  CD  At 


for  choked  flow 
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Figure  5.  Predicted  Vs.  Experimental  Transient  Pressures 
In  the  Test  Chamber 
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when  Cq  Is  a  discharge  coefficient,  a  Is  the  leak  art*,  t  la  the  ratio  of 
spacin':  heats  (Cp/Cy),  and  P€  Is  the  environment  pressure.  These  aquations 
were  solved  simultaneously  with  a  Runge-Kutta  numerical  Integration  computer 
program. 

Diffusion  of  heat  Into  tha  concrete  ECR  walls  was  numerically  analyzed  as 
a  finely  divided  series  of  luaped  nodes.  Results  show  surface  teaperatures 
reattln  close  to  ambient  as  the  heat  of  the  gas  Is  quickly  absorbed  by  the 
aasslve  walls.  At  depths  greater  than  one  Inch  Into  the  concrete,  no 
noticeable  change  In  teaperature  (greater  than  1*F)  was  coaputed.  The  theraal 
response  of  the  walls  surrounding  the  enclosed  explosion  Is  then  essentially 
the  saae  for  concrete  or  steel. 


A  saaple  of  the  results  of  the  coaputer  simulation  Is  shown  In  Figure 
6.  The  pressure  response  of  the  ECR  1$  highly  dependent  upon  the  leakage 
rate.  For  the  leakage  area  considered,  for  example,  the  depressurization 
caused  by  cooldown  In  neglectable  relative  to  the  leakage. 


CONCLUSIONS 

e  cooldown  following  an  HE  explosion  in  an  explosion  containment  room 
was  Investigated.  The  post  explosion  teaperature/pressure  environment  was 
analyzed.  The  three-part  study  was  comprised  of:  experimental  modeling,  heat 
transfer  analysis,  and  numerical  modeling  of  cooldown  with  gas  leakage. 


Two  phases  of  cooldown  were  observed.  Radiant  heat  flow  and  explosively 
driven,  forced  convection  In  the  first  fraction  of  a  second  result  In  a  rapid 
temperature  and  pressure  decay.  At  later  times,  natural  convection  dominates 
and  the  pressure  decays  exponentially. 

The  transient  pressure/temperature  decay  wes  modeled  based  on  the  natural 

y 

convection  In  the  enclosure  evaluated  at  a  time-weighted  temperature. 

Predicted  values  compared  closely  to  experimental  data. 


A  numerical  simulation  was  developed  to  determine  the  Impact  of  leakage 
on  the  pressure  and  temperature  Inside  the  enclosure  during  cooldown. 

"t 
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Figure  6.  Depressurization  in  the  ECR  With  and  Without  Leakage 
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CONTENTS  OF 

STRUCTURES  TO  RESIST  THE  EFFECTS  OF  ACCIDENTAL  EXPLOSIONS 
(TM  5-1300,  lime  P-397,  AFM  88-22) 

IHTBODOCTION 

This  paper  summarises  the  material  contained  in  the  design  manual  Struc¬ 
tures  to  Resist  the  Effects  of  Accidental  Explosions.  This  manual,  as  con¬ 
tained  in  Reference  1,  shall  here  after  be  referred  to  as  the  "new  manual". 
The  present  1969  publication  of  the  "Tri-Service  Manual",  as  contained  in 
Reference  2,  shall  here  after  be  referred  to  as  the  "old  manual". 

Subsequent  to  the  publication  of  the  old  manual,  various  government  agen¬ 
cies  conducted  several  high  explosive  tests.  These  tests  were  perfomed  to  de¬ 
termine  explosive  environments,  and  the  response  of  specific  structures  and 
materials.  The  result  of  these  tests  have  provided  sufficient  additional  in¬ 
formation  to  revise  the  H.  E.  Protection  Design  Criteria  of  the  old  manual. 

VOLUME  I  -  INTRODUCTION 

Volume  I  consists  of  an  expanded  discussion  of  the  topics  in  Chapters  1 
to  3  of  the  old  manual.  The  specific  global  topios  are  illustrated  in  Figure 
2.  The  significance  of  the  new  manual  can  be  seen  in  its  expanded  discussion 
and  treatment  cf  the  topics  concerned  with  the  safety  factor,  explosive  pro¬ 
tection  systems,  and  design  tolerances. 

Although  the  factor  of  safety  remains  unchanged  between  the  old  and  new 
manuals,  the  new  manual  contains  a  discussion  of  the  effects  of  increasing  the 
flexural  strength  of  a  member  beyond  the  design  requirements,  and  the  detri¬ 
mental  effect  this  has  on  supporting  members. 

The  three  components  cf  explosive  protection  systems  are  described  in 
detail.  Namely,  Donor,  Protection  and  Acceptor  Systems,  are  discussed  inde¬ 
pendently  and  interdependently.  The  aim  of  the  discussion  is  to  enable  the 
Designer  to  Judge  the  requirements  of  eaoh  portion  of  the  explosive  system,  to 
produce  a  practical  and  cost  effective  system. 

The  old  manual  considered  three  pressure  design  ranges.  The  new  manual 
considers  only  close-in  and  far-out  ranges.  However,  these  two  design  ranges 
consider  the  pressure-time  variation  rather  than  the  pressure  alone  on  both 
the  acceptor  system  and  the  protective  structure. 

Lastly,  the  extensive  increase  in  the  data  pertaining  to  acceptor  sensi¬ 
tivity  has  been  included  in  the  new  manual.  Specifically,  human  tolerance  to 
both  blast  pressure  and  shock,  explosive  initiation  by  fragments,  and  equip¬ 
ment  tolerances  to  shock  loads,  are  discussed.  Knowledge  of  acceptor  sensi¬ 
tivity  is  an  important  factor  in  developing  praotical  and  cost  effective  pro¬ 
tective  structures. 

VOLUME  II  -  BUST,  FRAGMENT  AMD  SHOCK  LOADS 

This  volume  is  presented  in  three  main  sections,  as  is  shown  in  Figure  3. 
The  first  section  is  concerned  with  protective  structures  sustaining  the  im¬ 
pact  of  a  blast  load  pressure  due  to  an  explosion.  The  second  section  is  con¬ 
cerned  with  primary  and  secondary  fragments  associated  with  the  break-up  of  a 
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explosive  charge  casings,  equipment,  or  buildings  containing  an  explosion. 
The  third  section  is  concerned  with  the  motions  induced  in  protective  struc¬ 
tures  due  to  an  impact  with  the  shock  front  and/or  ground  motions  due  to  an 
explosion. 

BLAST  LOADS! 

A  summary  of  the  changes  and  additions  presented  in  the  new  manual  com¬ 
pared  to  the  old  manual  is  illustrated  in  Figure  4.  Based  on  recently  devel¬ 
oped  data,  the  major  change  in  the  free  air  burst  curves  are  the  modification 
of  the  impulse  curves  (both  incident  and  reflected  waves),  and  the  positive 
duration  of  the  shock  wave,  as  may  be  seen  in  Figure  5. 

On  the  other  hand,  the  magnitude  of  the  blast  pressures  acting  on  the 
ground  due  to  an  air  burst  are  completely  different,  as  i3  shown  in  Figure 
6.  Furthermore,  the  new  manual  contains  impulse  loads  corresponding  to  the 
new  peak  pressures  acting  at  various  locations  on  the  ground,  as  is  shown  in 
Figure  7. 

Blast  parameters  associated  with  a  surface  burst  explosion  of  TNT  have 
not  changed.  However,  additional  blast  parameters  for  95  different  explosives 
other  than  TNT,  also  detonated  on  ground  (surface  burst),  have  been  included. 
These  additional  explosives  vary  in  explosive  and  casing  material  and  shape. 
An  example  of  this  data  is  shown  in  Figure  8. 

Blast  loads  from  vented  explosions  refer  to  those  detonations  which  occur 
next  to  a  barricade  or  other  obstruction,  or  within  a  cubicle  type  structure, 
which  permits  total  venting  of  the  explosive  effects.  The  impulse  loads  asso¬ 
ciated  with  close-in  detonations  presented  in  the  new  manual  differ  from  those 
of  the  old  manual  because  they  are  based  on  new  data  obtained  after  the  publi¬ 
cation  of  the  old  manual.  Specifically,  the  new  manual  contains  revised  aver¬ 
age  peak  impulse  loads,  and  additionally,  the  newly  developed  associated  aver¬ 
age  peak  pressures.  These  average  pressures  are  used  in  conjunction  with  the 
average  impulses  to  define  the  internal  shock  loads  of  a  cubicle  type  struc¬ 
ture,  as  is  shown  in  Figure  9. 

Previous  data  presented  for  vented  explosions  assumed  that  light  material 
panels  at  one  or  more  sides  of  a  structure  would  permit  total  venting.  Recent 
test  data  has  indicated  that  even  light  material  panels  will  permit  reflec¬ 
tions,  increasing  shock  loads  within  a  cubicle.  The  new  manual  presents  this 
r.ew  data,  and  defines  the  magnitude  of  the  internal  loads  and  the  pressures 
venting  out  of  a  structure  with  light  material  panels. 

Blast  loads  corresponding  to  confined  explosions  are  similar  to  those  of 
vented  explosions  except  for  the  additional  long  duration  loading  which  occurs 
within  the  fully  contained  structure.  These  latter  additional  loads  are  re¬ 
ferred  to  as  quasistatic  or  gas  pressure  loads,  and  are  produced  by  the  accum¬ 
ulation  of  the  gaseous  products  of  detonation  and  the  increase  in  temperature 
within  the  fully  confining  structure.  The  magnitude  of  gas  pressures  pre¬ 
sented  in  the  new  manual  may  be  seen  in  Figure  1C.  In  addition,  the  new  man¬ 
ual  gives  the  impulse  of  this  gas  pressure  load  for  various  charge  weight  to 
structure  volume  ratios.  Scaled  impulse  as  a  function  of  scaled  vent  area  is 
given  for  various  weights  of  vent  covers.  A  sample  of  these  curves  is  shown 
in  Figure  11. 
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The  proeedures  for  determining  blast  loads  acting  on  the  exterior  of  rec¬ 
tangular  shelter  type  structures  were  available  in  the  old  manual.  These  pro¬ 
cedures  have  been  refined  end  supplemented  in  the  new  manual  to  more  closely 
define  the  blast  environment  for  a  shock  front  impinging  on  a  shelter  not  only 
orthogonally,  but  at  an  angle,  as  illustrated  in  Figures  IF  and  13.  In  addi¬ 
tion  to  the  blast  loads  acting  un  the  exterior  surfaoes  of  a  structure,  the 
new  manual  presents  procedures  to  determine  the  internal  environment  due  to 
the  leakage  of  external  blast  pressures  into  a  structure  through  openings,  as 
is  illustrated  in  Figure  14. 

FRAGMENTS: 

Fragment  generations  from  explosions  consist  of  primary  fragments  formed 
by  the  fragmentation  of  explosive  casings  or  containers,  and  secondary  frag¬ 
ments  formed  by  the  break-up  of  equipment  located  in  the  general  vicinity  of 
the  explosion.  Procedures  for  primary  fragments  was  presented  in  the  old  man¬ 
ual.  However,  the  procedure  was  limited  to  only  cylinderically  shaped  explo¬ 
sive  casings.  The  new  manual  has  expanded  the  procedure  to  contain  non¬ 
cylinder  ical  containers  as  well. 

The  damage  caused  by  secondary  fragments  is  a  function  of  the  size  and 
shape,  the  attained  velocities,  and  the  direction  of  propagation  of  the  mis¬ 
siles.  The  new  manual  contains  procedures  to  evaluate  all  these  parameters, 
as  is  shown  ir  Figure  15. 

SHOCK  LOADS: 

Blast  loads  acting  on  a  structure  and/or  transmitted  through  the  ground 
to  a  structure,  cause  motions  in  a  structure.  This  motion  causes  the  vibra¬ 
tion  of  internal  objects  (such  as  ceilings,  walls,  equipment,  etc.).  If  the 
structure  or  the  internal  objects  are  not  designed  to  sustain  the  shock  loads, 
failure  can  occur. 

Structure  motions  produced  by  a  shook  load  duo  to  a  detonation  can  be 
classified  in  three  categories.  The  first  being  the  motions  due  to  a  direct 
impact  of  an  air  blast.  The  second  being  motions  produced  by  an  air  blast 
acting  on  the  ground  surface.  The  third  being  the  ground  shock  effects  due  to 
the  transmission  of  the  shock  wave  directly  through  the  ground.  The  first 
category  generally  causes  the  most  severe  motions. 

The  new  manual  presents  procedures  to  determine  the  three  categories  of 
structure  motion.  These  procedures  are  summarized  in  Figure  16.  The  proce¬ 
dure  for  determining  motions  due  to  a  direct  ai^  blast  impact  utilize  numeric 
integration.  After  determining  the  air  blast  loads  acting  on  a  structure,  a 
rigid  body  analysis  is  performed  with  consideration  for  the  resisting  friction 
between  the  structure  and  the  ground.  The  procedures  for  the  other  two  cate¬ 
gories  are  based  on  empirical  relationships,  established  from  tests. 

After  determining  the  structure  motions,  shock  response  spectras  may  be 
evaluated  to  establish  the  structure  shock  environment.  These  shock  spectras 
are  to  be  used  to  respectively  design  the  structural  components. 
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VOLUME  III  -  PRINCIPLES  OF  DYNAMIC  ANALYSIS 


This  volume  contains  the  procedures  for  analyzing  structural  elements 
subjected  to  blast  overpressures.  The  procedures  and  charts  are  general  and 
apply  to  reinforced  concrete  and  structural  steel  as  well  as  to  other  mater¬ 
ials  whose  dynamic  structural  strength  can  be  expressed.  The  outline  of  the 
contents  of  the  volume  is  listed  in  Figure  17. 

The  procedures  for  determining  the  resistance-deflection  functions  have 
been  significantly  increased  in  the  new  manual.  The  old  manual  contained  the 
elastic,  elasto-plastic  and  ultimate  resistances  and  stiffnesses  of  several 
one-way  and  symmetrically  supported  and  reinforced  two-way  members.  The  new 
manual  considers  additional  one-way  members  with  various  load  and  support  con¬ 
ditions.  The  two-way  members  considered  have  been  increased  to  Include  unsym- 
metrically  supported  and/or  reinforced  (if  concrete)  elements.  However,  as 
was  the  case  in  the  old  manual,  the  elements  are  for  uniform  load  conditions. 

As  in  the  old  manual,  the  new  manual  utilizes  the  single-degi*ee-of -free¬ 
dom  method  to  represent  the  motions  of  the  actual  structure  subjected  to  blast 
loads.  The  utilization  of  the  single-degree-of-freedom  method  requires  deter¬ 
mining  the  load,  the  mass,  the  resistance,  the  load  factor,  the  mass  factor  or 
ao  an  alternative  the  load-trass  factor.  Transformation  factors  are  presented 
for  one  way  members  having  variable  loadings  while  load-mass  factors  are  pre¬ 
sented  for  various  two-way  spanning  elements. 

The  present  manual  contains  two  response  charts  for  idealized  triangular 
pressure-time  loads.  One  chart  pertains  to  maximum  structure  response  while 
the  second  is  used  to  determine  rebound  loads.  The  number  of  response  charts 
furnished  in  the  new  manual  has  been  increased  to  216.  These  new  charts  cover 
the  maximum  elastic  response  to  triangular,  rectangular  loads,  gradually 
applied  loads,  triangular  pulse  loads  and  sinusoidal  loadings.  The  new  charts 
also  cover  the  maximum  resonse  of  exasto-plastic  systems  to  trangular  loads, 
rectangular  loads,  gradually  applied  loads,  triangular  pulse  loads  and 
bilinear-triangular  loads.  The  bilinear-triangular  load  condition  (Figure  18) 
represents  the  Idealized  pressure-time  load  which  would  occur  in  a  partially 
vented  structure.  Figure  19  illustrates  the  response  curves  for  bilinear- 
triangular  loads. 

In  addition  to  the  expanded  section  on  response  charts,  the  new  manual 
contains  procedures  for  performing  numerical  integration  as  a  means  of  analy¬ 
ses.  ihe3e  analyses  include  both  the  average-acceleration-method  as  well  as 
the  acceleration- impulse-extrapolation-method.  Procedures  are  presented  which 
include  damping  in  a  system  as  well  as  for  analyzing  two-degree-of-freedom 
systems. 


VOLUME  IV  -  REINFORCED  CONCRETE  DESIGN 

The  technical  data  in  the  volume  for  the  design  of  concrete  structures 
has  been  greatly  expanded  from  the  previous  edition  (Figure  20).  Not  only  has 
the  existing  data  been  expanded,  a  considerable  amount  of  new  data  has  been 
added.  This  additional  data  will  facilitate  the  design  of  more  cost  effective 
struct’  r  eliminating  con3ervativeness  resulting  from  a  lack  of  data. 
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The  old  manual  Is  concerned  primarily  with  the  design  of  laced  reinforced 
concrete  walls  to  resist  the  effects  of  close-in  detonations.  Some  data  Is 
lnoluded  for  the  design  of  slabs  to  resist  the  blast  effects  of  far  range  ex¬ 
plosions,  A  well  Informed  Individual  could  adapt  and  expand  this  considerable 
amount  of  data  to  enable  the  not  so  Informed  individual  to  prepare  realistic 
and  oost  effective  designs. 

The  new  manual  provides  a  better  estimate  of  the  dynamic  capacity  of  both 
the  concrete  and  reinforcing  steel  than  the  old  manual.  Based  on  recent  re¬ 
search  and  testing,  the  dynamic  Increase  factors  for  both  concrete  and  rein- 
foroing  steel  are  presented  as  a  function  of  the  actual  resonse  of  the  struc¬ 
tural  elements  as  well  as  the  values  needed  for  design.  In  addition,  the 
static  yield  strength  of  the  i  reinforcement  is  increased  10  percent  beyond  the 
minimum  specified  by  the  ASTM  to  account  for  the  actual  strength  steel  that  is 
furnished  by  the  steel  producers.  Finally,  the  shear  capacity  of  concrete 
elements  as  presented  in  the  current  manual  has  proved  to  be  conservative. 
Therefore,  the  new  manual  deletes  the  capacity  reduction  faotor  applied  to  the 
shear  capacity  of  concrete. 

Conventionally  reinforced  (unlaced)  concrete  elements  were  not  exten¬ 
sively  treated  in  the  old  manual.  Only  a  limited  amount  of  data  was  presented 
for  the  design  of  one-  and  two-way  elements.  This  new  manual  greatly  expands 
this  data  to  include  design  procedures  for  slabs  and  walls  of  various  support 
conditions,  as  well  as  design  procedures  and  deflection  criteria  for  beams  and 
both  interior  and  exterior  columns.  The  design  of  slabs  include  not  only  one- 
and  two-way  slabs  of  various  support  conditions,  but  also  includes  the  design 
of  flat  slabs.  Also,  when  support  conditions  permit,  tension  membrane  action 
of  the  slabs  is  incorporated  in  the  design.  The  inclusion  of  this  membrance 
action  permits  the  slab  to  attain  relatively  large  deflections  at  reduced 
strength  and  thereby  resulting  in  substantial  cost  savings. 

The  design  for  close-in  blast  effects  is  concerned  solely  with  the  design 
of  laced  concrete  elements  in  the  old  manual.  Laced  concrete  walls  can  be  de¬ 
signed  for  deflections  ranging  from  small  to  larger  to  incipient  failure  con¬ 
ditions  and  beyond  to  the  design  of  post-failure  fragments.  Unlaced  concrete 
walls  may  also  be  designed  for  close-in  effects.  However,  these  walls  must 
contain  shear  reinforcement  in  the  form  of  single  leg  stirrups  (Figure  21)  and 
the  scaled  distance  between  the  wall  and  explosive  charge  must  be  greater  than 
1.0  to  prevent  breaching  of  the  wall.  The  charge  may  be  located  considerably 
closer  for  laced  walls. 

The  relationship  between  the  design  parameters  for  unlaced  one-  and  two- 
way  slabs  or  panels  is  illustrated  in  Figure  22.  An  element  may  be  designed 
to  attain  deflections  corresponding  to  support  rotations  up  to  2  degrees  under 
flexural  action  (Figure  23).  For  far  range  effects,  stirrups  would  be  pro¬ 
vided  if  the  shear  capacity  of  the  concrete  is  not  sufficient  to  develop  the 
ultimate  flexural  strength.  A  Type  I  cross-section  provides  the  ultimate 
moment  capacity.  The  flexural  action  of  the  element  may  be  increased  to  4 
degrees  support  rotation  if  single  leg  stirrups  are  pro*.  Ided  to  restrain  the 
compression  reinf oroement .  In  this  deflection  range,  a  Type  II  cross-section 
provides  the  ultimate  moment  capacity  and  mass  to  resist  motion.  For  close-in 
effects,  the  element  must  utilize  stirrups,  A  minimum  quantity  of  stirrups  is 
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required  even  if  the  shear  oapaoity  of  the  conorete  is  sufficient  to  develop 
the  ultimate  flexural  capacity.  The  maximum  permissible  deflection  of  the 
element  would  be  limited  to  4  degrees  support  rotation.  If  spalling  occurs,  a 
Type  III  cross-section  provides  the  ultimate  moment  capacity. 

A  non- laced  element  may  be  designed  to  attain  large  deflections,  that  is, 
deflections  corresponding  to  8  degrees  support  rotation.  These  increased  de¬ 
flections  are  possible  only  under  tension  membranoe  action  (Figure  24).  The 
element  must  have  sufficient  lateral  restraint  to  develop  in-plane  forces. 
For  close-in  ex'feots  stirrups  are  required,  while  for  far  range  effects,  stir¬ 
rups  would  be  provided  only  if  the  shear  capacity  of  the  concrete  is  strength 
of  the  element.  A  Type  III  cross-section  provides  the  ultimate  moment  capac¬ 
ity  and  mass  to  resist  motion. 

Flat  slab  structures  are  designed  to  resist  the  blase  and  fragments  asso¬ 
ciated  with  a  far  range  explosion.  The  relationship  between  the  design  param¬ 
eters  for  flat  slabs  is  illustrated  in  Figure  25.  Flat  slabs  may  be  designed 
to  attain  limited  or  large  deflections  in  the  same  manner  as  non-laced  ele¬ 
ments.  Under  flexural  action  alone,  the  slab  may  attain  deflections  corres¬ 
ponding  to  2  degrees  support  rotation.  The  flexural  action  may  be  extended  to 
4  degrees  rotation  if  single  leg  stirrups  are  added  to  restrain  the  flexural 
reinforcement.  If  sufficient  continuous  flexural  reinforcement  is  provide, 
the  slab  may  attain  8  degrees  support  rotation  through  tension  membrane 
action.  Unless  necessary  for  shear,  single  leg  stirrups  are  not  required  for 
the  slab  to  achieve  tension  membrane  action. 

The  design  of  beams  as  presented  in  the  new  manual  apply  to  beams  in 
shear  wall  type  structures  rather  than  rigid  frame  structures.  The  design 
procedure  presented  is  for  transverse  loads  only.  Axial  loads  are  not  con¬ 
sidered.  However,  the  procedure  includes  the  design  for  torsion.  The  re¬ 
lation  between  the  design  parameters  for  beams  is  illustrated  in  Figure  26. 
The  design  of  beams  is  similar  to  the  design  of  one-way  slabs. 

Beams  are  generally  employed  in  structures  designed  to  resist  the  effects 
associated  with  far  range  explosions.  They  may  be  designed  to  attain  limited 
or  large  deflections  in  the  same  manner  as  non-laced  slabs.  Under  flexural 
action  alone,  a  beam  may  attain  4  degrees  support  rotation  and,  if  sufficient 
lateral  restraint  is  provided,  the  beam  may  attain  8  degrees  support  rotation 
under  tension  membrane  action.  Closed  stirrups  are  always  required  for  beams. 
While  usually  not  the  case,  beams  may  be  designed  to  resist  close-in  explo¬ 
sions.  They  could  generally  be  employed  as  pilasters  around  door  openings. 

The  design  of  columns  is  limited  to  those  in  shear  wall  type  structures 
where  the  lateral  loads  are  transmitted  through  the  floor  and  roof  slabs  to 
the  exterior  (and  interior,  if  required)  shear  walls.  Due  to  the  extreme 
stiffness  of  the  shear  walls,  there  is  negligible  sidesway  in  the  interior 
columns  and,  hence,  no  induced  moments  due  to  lateral  loads.  Therefore,  in¬ 
terior  columns  are  axially  loaded  members  not  subjected  to  the  effects  ot 
lateral  load.  However,  significant  moments  can  result  from  unsymmetrical 
loading  conditions. 

Design  procedures  are  included  for  both  tied  and  spiral  columns. 
Slenderness  effects  are  included  in  the  procedures.  Exterior  columns  of  shear 
wall  type  structures  are  generally  designed  as  beams. 
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The  atruotural  design  for  brittle  mode  response  oontalns  most  of  the  data 
from  the  previous  manual.  However,  prediction  ourvea  for  the  ooourrenoe  of 
spalling  of  oonorete  ia  inoluded.  These  ourvea  will  more  realistically  pre- 
diot  the  need  for  oostly  atruotural  steel  spall  plates.  In  addition,  the 
structural  behavior  to  primary  and  secondary  fragment  impaot  la  expanded. 

The  new  edition  of  the  manual  contains  a  chapter  on  foundation  design. 
The  data  presented  will  enable  the  Designer  to  prediot  the  gross  motion  of 
structures  snbjeot  to  overturning.  The  structure  motion  is  based  on  rigid 
body  motion  to  prediot  soil-structure  interaction. 

The  last  portion  of  this  volume  greatly  expands  the  detailing  procedures 
presently  incorporated  in  the  manual.  The  old  manual  provides  details  for 
laoed  construction.  These  details  are  expanded  to  include  information  pro¬ 
vided  for  convent lonally  reinforced  oonorete,  elements  incorporating  either 
single  leg  stirrups  or  lacing,  flat  slabs,  beams,  oolumns  and  foundations. 

VOLUME  V  -  STRUCTURAL  STEEL  DESIGN 

This  volume  oovers  detailed  procedures  and  design  techniques  for  the 
blast-resistant  design  of  steel  elements  and  structures  subjected  to  short- 
duration,  high-intensity  blast  loading.  Highlights  of  this  volume  are  pre¬ 
sented  in  Figure  27. 

While  the  design  techniques  presented  in  the  old  manual  are  applicable  to 
single-degree-of -freedom,  slasto-plastio  systems,  there  was  no  clear-cut 
method  for  determining  the  properties  of  a  structural  steel  element,  such  as 
moment  capacity,  resistance,  allowable  or  ultimate  stresses,  dynamic  Increase 
factors  equivalent  stiffness,  etc.,  that  are  relevant  to  such  a  system.  This 
volume  covers  the  methods  as  they  apply  to  beam-type  and  plate-type  systems. 

The  effects  of  rapidly  applied  dynamic  loads  on  the  mechanical  properties 
of  structural  steel  are  considered.  Figure  28  illustrates  the  dynamic  In¬ 
crease  factors  for  yield  stresses  at  various  strain  rates. 

The  design  procedures  and  applications  of  this  volume  are  directed  toward 
steel  acceptor-  and  donor- type  structures.  Donor-type  structures,  which  are 
located  in  the  Immediate  vicinity  of  the  detonation  may  include  steel  contain¬ 
ment  cells  or  steel  components  of  reinforced  concrete  containment  structures 
such  as  blast  doors  or  closure  plates.  In  some  cases,  the  use  of  suppressive 
shielding  to  control  or  oonfine  the  hazardous  blast,  fragment  and  flame 
effects  of  detonations  may  be  an  economically  feasible  alternative.  The  high 
blast  pressures  encountered  in  these  suggest  the  use  of  large  plates  or  built- 
up  sections  with  relatively  high  resistance.  In  some  instances,  fragment  Im¬ 
paot  or  pressure  leakage  must  be  considered.  Acceptor-type  structures  are  re¬ 
moved  from  the  Immediate  vicinity  of  the  detonation.  These  include  typical 
frame  structures  with  beams,  columns  ana  beam-columns  composed  of  standard 
structural  shapes  and  built-up  sections.  In  many  cases,  the  relatively  low 
blast  pressures  suggest  the  use  of  standard  building  compononents  such  as 
open-web  joists,  prefabricated  wall  panels  and  roof  decking  detailed  as  re¬ 
quired  to  carry  the  full  magnitude  of  the  dynamic  loads.  Another  economical 
application  can  be  the  use  of  entire  pre-engine ered  buildings,  strengthened 
locally,  to  adapt  their  designs  to  low-blast  preosures  (up  to  2  p3i)  with 
short  duration. 
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Beam-type  elements  differ  from  plate-type  In  that  the  effeots  of  overall 
and  looal  Instability  upon  the  ultimate  oapaoity  is  an  Important  considera¬ 
tion.  The  design  of  these  elements,  Including  beams,  beam-oolumns ,  open-web 
joints,  and  cold-formed  panels,  in  whloh  slenderness  effeots  are  prominent, 
are  covered  in  this  volume.  In  general,  the  ultimate  resistance  of  a  beam- 
type  system  is  reduced  in  light  of  looal  cr  overall  instability.  Plate-type 
elements,  in  which  local  or  overall  instability  is  not  predominant,  are 
covered  in  much  the  same  way  as  their  reinforced  concrete  counterparts. 
Special  requirements  for  blast  doors,  with  respect  to  their  funotlon  during 
and  after  an  explosion,  are  disoussed  (Figure  29). 

The  procedures  for  the  design  of  structural  systems,  Involving  a  multi- 
degree-of-freedom  analysis  are  presented.  Preliminary  designs  for  rigid 
frames  and  bracea  frames  subjected  to  blast  loads  are  presented.  Methods  for 
proportioning  the  frame  members  for  maximum  economy  are  considered.  Figure  30 
Illustrates  such  proportioning  by  way  of  collapse  mechanisms,  for  rigid 
frames.  Computer  programs,  which  cover  the  elasto-pla3tic  dynamic  analysis  of 
framed  structures,  are  available  for  final  design. 

Some  qualitative  differences  between  steel  and  ooncrete  protective  struc¬ 
tures  warrant  special  consideration  for  rebound,  stress-interaction,  connec¬ 
tion  integrity  and  fragments. 

(1)  The  amount  of  rebound  in  concrete  structures  is  con¬ 
siderably  reduced  by  internal  damping  (cracking)  and  is 
essentially  eliminated  in  cases  where  large  deformations 
or  incipient  failure  are  permitted  to  occur.  In  struc¬ 
tural  steel,  however,  a  larger  response  in  rebound,  up  to 
100  percent,  can  be  obtained  for  a  combination  of  short 
duration  load  and  a  relatively  flexible  element.  As  a 
result,  steel  structures  require  that  special  provisions 
be  made  to  account  for  extreme  responses  of  comparable 
magnitude  in  both  directions. 

(2)  The  treatment  of  stress  interaction  is  more  of  a 
consideration  in  steel  shapes  since  each  element  of  the 
cross-section  must;  be  considered  subject  to  a  state  of 
combined  stresses.  In  reinforced  concrete,  the  provision 
of  separate  steel  reinforcement  for  flexure,  shear  and 
torsion  enables  the  designer  to  consider  these  stresses 
as  being  carried  by  more  or  less  independent  systems. 

(3)  Special  care  must  be  taken  in  steel  design  to  pro¬ 
vide  for  connection  integrity  up  to  the  point  of  maximum 
response.  For  example,  in  order  to  avoid  premature 
brittle  fracture  in  welded  connections,  the  welding  char¬ 
acteristics  of  the  particular  g^ade  of  steel  must,  be 
considered  and  the  introduction  of  any  stress  concentra¬ 
tions  or  notches  at  the  joint  must  be  avoided. 

(4)  If  fragments  are  involved,  care  should  be  given  to 
brittle  modes  of  failure  as  they  affect  construction 
methods.  For  example,  fragment  penetration  depth  may 
govern  the  thickness  of  a  steel  plate. 
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fount  tx  -  aracxAL  OQBsmnmqc  n  explqsitk  facility  design 

The  oontenta  of  this  voliae  is  now  and  was  not  prosantad  in  tha  old  man¬ 
ual.  This  volume  is  divldad  into  nina  subsaotion a,  as  is  shown  in  Figura  31. 

All  of  tha  abova  subsaotions  ara  independent  of  each  other,  and  oould 
have  bean  presented  in  separata  volumes.  However,  their  short  length,  and  in 
sqm  oases  their  funotion  as  introductions  to  speoific  manuals  in  whioh  their 
topios  are  completely  disoussed,  made  their  combination  into  one  volume  more 
desirable. 

MASONRY  DESIGN : 

This  subsaotion  describes  the  procedures  for  designing  a  masonry  wall 
subjected  to  blast  overpressures.  The  design  procedures  consider  free  stand¬ 
ing  masonry  walls;  masonry  walls  working  in  conjunction  with  structural  steel 
frames,  as  illustrated  in  Figure  32;  and  aroh  aotlon  in  masonry  walls,  permit¬ 
ting  the  design  of  walls  for  large  deflections.  In  addition,  this  subseotion 
also  includes  cm  outline  of  the  design  orlteria  and  the  dynaudo  strength  of 
materials  to  be  used  for  blast  resistant  designs. 

PRECAST  CONCRETE  DESIGN: 

This  subsection  includes  procedures  for  the  design  of  precast  concrete 
elements  subjected  to  blast  overpressures.  A  method  for  determining  the  ulti¬ 
mate  strength  of  a  precast  element  from  the  static  and  dynamic  material 
strengths  is  presented.  Methods  for  performing  a  dynamio  analysis  and  deter¬ 
mining  rebound  loads  are  presented.  Also  presented  are  recommended  details 
for  precast  construction,  as  is  shown  in  Figure  33. 

PRE-ENGINEERED  BUILDINGS: 

Standard  pre-engineered  buildings  are  usually  designed  for  conventional 
loads  suoh  as  dead,  live,  snow,  and  wind  loads.  Blast  resistant  pre— engi¬ 
neered  buildings  must  be  designed  in  a  similar  manner,  but  with  muoh  higher 
static  loads  to  account  for  the  aotual  blast  loads.  This  subsection  presents 
methods  for  the  design  of  the  foundation,  the  metal  frame,  and  the  roofing  and 
siding  of  a  pre-englneered  building.  It  lnoludes  a  method  for  performing  a 
blast  analysis  of  suoh  a  structure.  It  also  includes  a  recommended  specifi¬ 
cation  for  pre-englneered  buildings  subjected  to  blast  overpressures. 

SUPPRESSIVE  SHIELDING: 

This  subsection  summarizes  the  design  and  oonstruotion  procedures  whioh 
are  outlined  in  the  design  manual  Suppressive  Shields  -  Structural  Design  and 
Analysis  Handbook  (HNDM  1110-1-2).  As  is  shown  in  Figure  3^  only  those 
shields  whioh  have  received  safety  approval  have  be^n  presented.  Also  pre¬ 
sented  are  procedures  with  whioh  new  shields  may  be  analyzed  and  designed.  In 
addition,  included  ere  reoommended  details  for  penetrations,  such  as  utility 
and  vacuum  lines  and  personnel  and  equipment  doors,  along  with  other  required 
structural  details  to  obtain  safety  approval. 
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BLAST  RESISTANT  WINDOWS  : 


Historically,  explosion  effects  have  produced  airborne  glass  fragments 
from  failed  windows  at  the  risk  to  life  and  propc  ’ty.  Based  on  a  series  of 
explosive  tests,  guidelines  have  been  developed  for  the  design,  evaluation, 
and  certification  of  windows  to  safely  survive  a  prescribed  blast  environment. 
This  subsection  oontains  design  criteria  for  both  glaring  and  frames.  In  ad¬ 
dition,  the  presented  design  procedures  include  a  series  of  design  charts,  as 
is  shown  in  Figure  35,  as  well  as  construction  details. 

DESIGN  LOADS  FOR  UNDERGROUND  STRUCTURES: 

This  subsection  contains  a  summary  of  the  data  presented  in  the  design 
manual  Fundamentals  of  Protective  Design  for  Conventional  Weapons  (TM5-P55- 
1).  The  data  pertaining  primarily  to  the  effects  of  an  explosion  occurring  on 
or  below  the  ground,  and  the  blast  pressures  produced  on  below  ground  struc¬ 
tures,  is  presented.  Also  procedures  are  presented  for  bomb  penetration  into 
earth,  as  well  as  for  the  structural  design  of  below  ground  walls  and  roof 
slabs. 

EARTH-COVERED  ARCH-TYPE  MAGAZINES: 

This  subsection  deals  with  typical  earth  covered  magazines  which  are  used 
for  the  storage  of  explosives.  It  is  an  expansion  of  a  similar  section  in  the 
old  manual,  and  includes  requirements  for  both  metal  and  reinforced  concrete 
arch  magazines  (as  is  shown  in  Figure  36),  including  semi-circular  and  oval 
shapes.  A  discussion  of  the  method  of  design,  required  safe  separation  dis¬ 
tance  between  magazines,  and  construction  procedures  is  also  included 

BLAST  VALVES: 

This  subsection  discusses  remote  and  blast  actuated  blast  valves  used  for 
sealing  ventilation  openings  in  protective  structures.  Included  is  a  discus¬ 
sion  of  the  requirements  of  plenums  and  fragment  protection.  Also  included  is 
a  list  of  manufacturers  and  a  description  of  the  valves,  their  pressure  capac¬ 
ities,  closure  times,  flow  rates,  and  test  data  if  available.  Tn  addition,  a 
recommended  specification  for  poppet  valves  i3  included. 

SHOCK  ISOLATION  SYSTEMS: 

The  data  for  Shock  Isolation  Systems  presented  in  this  subsection  is 
greatly  expanded  from  that  presented  in  the  old  manual.  The  new  manual  data 
is  basically  qualitative  rather  than  quantitative.  It  includes  shock  toler¬ 
ances  for  personnel  and  equipment}  shock  isolation  principles;  methods  of 
analyzing  isolation  systems;  shock  isolation  arrangements,  including  individ¬ 
ual  and  group  mounting  platform  characteristics;  isolator  arrangements,  con¬ 
sisting  of  base  and  overhead  mounted  systems  (see  Figure  37);  and  shock  iso¬ 
lation  devices,  such  as  helical  coil,  torsion,  pneumatic,  liquid,  and  other 
spring  configurations. 
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STRUCTURES  TO  RESIST  THE  EFFECTS  OF  ACCIDENTAL  EXPLOSIONS 
(TN  5-1300, NAYFAC  P-397,  AFH  88-22) 
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SUMMARY  OF  MODIFICATIONS  OF  BLAST  LOADS  PRODUCED  BY  TNT 
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FIGURE  6  BLAST  PRESSURES  AT  GROUND  SURFACE 
DUE  TO  AN  AIR  BURST 
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SCALED  REFLECTED  IMPULSE 
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FIGURE  7  SCALED  IMPULSE  AT  GROUND  SURFACE 
DUE  TO  AN  AIR  BURST 
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FIGURE  8  ILLUSTRATION  OF  BLAST  PARAMETERS  FOR  OTHER  EXPLOSIVE  MATERIAL 
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FIGURE  9  ILLUSTRATION  OF  INTERNAL  SHOCK  LOADS  IN  CUBICLE  TYPE  STRUCTURES 
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SCALED  REFLECTED  IMPULSE  lr*/W*  (p«l-  mwc/lb*  ) 
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FIGURE  14  IDEALIZED  INTERIOR  BLAST  LOADS 


177 


PRIMARY  AND  85CONDARY  FRAGMENTS 


SHOCK  LOADS 


TIMC  or  YIlLD  to  load  duration.  /[/ T 


HL/'XiJ  'C0ia3e'  IViNlWVONHJ  Oi  NOU3J1J30  HnKIXVK  30  3 Till 


—  o  — 


3X/u;X  ‘NOilO  jIIIG  ari3il  0a  NOii33U3G  AOMiXVW 


182 


FIGURE  19  MAXIMUM  RESPONSE  OF  ELASTO-PLASTIC  SYSTEM  FOR 
BILINEAR -TRIANGULAR  PULSE  (C. -0.178 ,  C2*  10  ) 
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CONSTRUCTION  DETAILING  1.  LACED  REINFORCED  CONCRETE 

2.  SINGLE  LEG  STIRRUPS 

3.  BEAN  AND  COLUMN 

A.  FLAT  SLABS 

5.  FOUNDATIONS 


FIGURE  21  SINGLE  LEG  STIRRUPS 
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FIGURE  22  RELATIONSHIP  BETWEEN  DESIGN  PARAMETERS 
FOR  UNLACED  ELEMENTS 
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FIGURE  2  6 


RELATIONSHIP  BETWEEN  DESIGN  PARAMETERS  FOR  BEAMS 
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FIGURE  28  DYNAMIC  INCREASE  FACTORS  FOR  YIELD  STRESSES  FOR 
STRAIN  RATES 


FIGURE  29  STEEL  PLATE  BLAST  DOOR 
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VOLUME  VI 

SPECIAL  CONSIDERATIONS  IN  EXPLOSIVE  FACILITY  DESIGN 
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FIGURE  32 
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FIGURE  34  EXAMPLES  OF  SUPRESSIVE  SHIELDS 
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1.0  INTRODUCTION 


1  April  1985  at  approximately  8:20  a.m.,  an  accidental 
explosion  occurred  at  Milan  Army  Ammunition  Plant  (MAAP),  Building  a-2 
of  Line  A.  The  aource  of  the  event  was  a  feed  hopper  serving  a  gre¬ 
nade  pressing  operation.  It  was  estimated  that  the  feed  hopper  con¬ 
tained  approximately  18  pounds  of  Composition  A5.  The  pressing 
operation  was  located  in  a  reinforced  concrete  cubicle  located  on  the 
east  side  of  the  building.  The  incident  caused  the  blowout  failure  of 
the  frangible  exterior  wall  of  the  adjacent  service  ramp,  aa  well  as 
the  failure  of  a  large  area  of  the  cement  asbestos  roofing  over  the 
main  area  of  the  building  behind  the  cubicle.  There  was  no  signifi¬ 
cant  structural  damage  to  the  building  framing  or  the  press  cubicle. 
There  were  45  operating  personnel  in  the  building  at  the  time  of  the 
incident  and  only  two  minor  injuries  occurred,  neither  requiring 
hospitalisation.  Repairs  of  the  building  were  completed  by  July  1985. 
This  paper  Jiscusses  the  evaluation  of  the  blast  within  the  building 
and  also  the  effects  of  the  blast  on  the  operating  personnel y 


Facility  History 

Building  A-2  of  Line  A  at  MAAP  is  a  1940's  vintage  structure.  It 
consists  of  steel  roof  trusses  on  steel  columns  as  its  stain  framing 
system,  with  a  cement  asbestos  (transite)  roof  and  clay  tile  block 
infill  vails.  The  building  was  upgraded  in  1980  to  accommodate  the 
0-inch  M509  Load  Assembly  and  Pack  (LAP)  acti/ity  currently  housed 
there.  The  principal  elements  in  the  building  upgrade  included  the 
addition  of  reinforced  concrete  cubicles  to  house  the  hasardous  press 
operations  and  enclosing  exterior  service  ramps  on  both  sides  of  the 
building.  The  press  cubicles  were  designed  in  accordance  with 
TM  5-1300  and  were  ’to  provide  protection  to  operating  personnel  from 
primary  overpressure  and  fragment  hazards  originating  in  the  press 
cubicle.  Management  of  the  design  modification  contract  and  technical 
revi >w  cf  tKe  blast  design  wa<  performed  by  The  U.S.  Army  Engineer 
Division  Huntsville  (USAEDH). 


Investigation 

USAEDH  was  requested  by  MAAP  to  perform  a  damage  assessment  and 
structural  Integrity  evaluation  of  the  facility  after  the  incident  and 


202 


to  estimate  the  magnitude  of  the  blast  effects  that  personnel  in  the 
building  aay  have  been  exposed  to.  To  meet  this  objective,  the  fol¬ 
lowing  tasks  were  performed. 

o  Structural  Damage  Survey 
o  Prediction  of  Blast  Effects 
o  Evaluation  of  Structural  Integrity 
o  Assessment  of  Personnel  Protection  Provided 


2.0  STRUCTURAL  DAMAGE  SURVEY 


Overall  Building 

A  detailed  inspection  of  the  overall  condition  of  Building  A-2  was 
performed  within  a  few  days  of  the  incident.  The  insults  of  this 
inspection  were  favorable  to  a  relatively  simple  replacement  of  roof¬ 
ing  and  siding.  Figure  2-1  presents  a  plan  view  of  a  portion  of  the 
Building  2-A,  showing  the  area  where  the  donor  cubicle  was  located  and 
designates  the  direction  in  which  photographs  presented  as  Figures  2-2 
through  2-5  were  taken.  As  can  be  seen  in  the  pictures,  the  building 
damage  was  essentially  limited  to  wall  cladding  and  roof  decking.  The 
wall  cladding  on  the  east  side  of  the  ramp  Was  intended  to  be  a  "fran¬ 
gible"  or  blowout-type  wall  designed  to  fail  quickly  and  vent  the 
shock  and  gas  pressures  from  the  adjacent  cubicles.  Figure  2-3 
clearly  shows  large  sections  of  the  light  weight  frangible  aluminum 
ramp  wall  panels  which  performed  as  intended.  The  bulk  of  the  remain¬ 
ing  damage  was  failure  of  the  brittle  transite  roof  decking  material. 
The  extent  of  this  damage  is  exemplified  in  Figures  2-2  through  2-4. 
This  material  is  very  brittle  and  tends  to  break  up  into  relatively 
small  pieces  under  low  overpressures.  It  should  be  noted  that  the 
roofing  on  the  right  side  of  Figure  2-4  had  already  been  removed  by 
repair  crews  and  does  not  represent  damage  from  the  incident.  The 
only  damage  to  structural  load  carrying  members  involved  two  roof  deck 
support  beams  directly  in  front  of  the  donor  cubicle.  These  members 
were  twisted  sufficiently  that  replacement  was  justified.  With  the 
exception  of  these  members,  the  structural  framing  system  was  in 
excellent  condition  and  immediately  capable  of  accommodating  the  new 
wall  and  roof  decking  materials. 
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Preas  Cubic la 


The  donor  press  cubicle  was  designated  No.  3  as  shown  in  Figure 
2-1.  Figure  2-5  shows  a  frontal  view  of  the  cubicle  looking  west. 

This  cubicle  was  designed  in  accordance  with  TM  5-1300  for  25  pounds 
of  Composition  A5.  Close  examination  of  the  cubicle  indicated  that  it 
was  ir  excellent  condition.  There  was  no  exterior  spalling  of  any  of 
the  walls.  There  was  a  limited  area  of  npall/acAb  on  the  exterior  of 
the  roof  directly  above  the  feed  hopper  location.  This  was  a  result 
cf  direct  air  blast  shock  being  transmitted  through  the  roof  slab. 
However,  the  concrete  spall  was  atill  attached  to  the  roof  as  shown  in 
Figures  2-6  and  2-7  and  could  not  be  broken  loose  without  the  use  of 
tools.  While  flexure  tensile  cracks  were  observed  as  expected  for  an 
internal  explosion,  they  were  not  extensive  or  large  in  site.  Figures 
2-8  through  2-11  show  some  of  these  typical  cracks.  Stringline 
measurements  revealed  that  only  very  limited  inelastic  deformation  had 
occurred  and  only  within  a  short  distance  near  the  open  end  of  the 
cubicle.  There  was  absolutely  no  evidence  of  any  compression  sone 
distress  of  the  concrete  section  that  indicated  significant  damage. 

The  fact  that  observed  tensile  crack  patterns  had  not  formed  classical 
yield  line  patterns  further  suggested  very  limited  response.  Follow¬ 
ing  the  initial  inspection,  the  cubicle  walls  were  sandblasted  to 
resK>ve  paint,  filler,  and  sealant.  The  appearance  of  the  cubicle 
after  sandblasting  was  consistent  with  the  initial  observations.  In 
addition,  the  spall/scab  area  on  the  roof  was  removed  until  sound 
concrete  was  reached.  Internally,  the  principal  damage  to  the  cubicle 
was  cratering  due  to  high  velocity  primary  fragments  from  the  press 
tooling.  The  main  cratering  dasuige  was  localised  over  several  well- 
defined  regions  as  shown  in  Figures  2-12  and  2-13.  The  maximum  depth 
of  these  spall  craters  did  not  exceed  2  inches  in  any  location  and 
were  generally  much  less.  It  was  judged,  based  on  the  initial  inspec¬ 
tion,  that  the  cubicle  could  be  repaired  using  epoxy  grouts  or  high 
strength  mortars.  This  evaluation  was  confirmed  by  analysis  based  on 
material  properties  obtained  from  nondestructive  testing  of  the  actual 
cubicle . 


3.0  PREDICTION  OF  BLAST  EFFECTS 


Loads  on  the  Building 


The  principal  damage  to  the  building  system  was  the  destruction 
of  the  cement  asbestos  roofing.  This  was  also  the  primary  area  of 
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concern  regarding  haaarde  Co  which  operating  personnel  were  exposed. 
Therefore!  Che  sain  eaphasis  in  estimating  the  air  blast  effects  from 
the  incident  will  be  determining  the  loads  to  which  the  roof  and  the 
personnel  behind  the  cubicle  were  subjected.  The  determination  of 
probable  overpressure  loads  on  tfe  building  will  be  based  on  air  blast 
parameters  given  in  TM  5-1500  (Reference  1)  and  the  methodolgy 
developed  in  Reference  2  by  Keenan  at  ».ne  Naval  Civil  Engineering 
Laboratory  (NCBL).  This  approach  has  the  eerit  of  having  been 
confirmed  in  part  from  the  testing  of  an  actual  building  of  nearly 
identical  construction  to  Building  A-2  (Reference  3).  The  analysis 
procedure  provides  for  a  modification  of  the  scalw  distance  from  a 
donor  charga  in  a  cubicla  to  a  receiver.  This  method  account*  for  the 
effect  of  the  cubicle  walla  and  roof  ir.  increasing  the  scale  distance 
from  the  donor  to  the  receiver. 

The  location  cc  the  feed  hopper  in  the  cubicle  was  such  that 
thsre  was  some  question  as  to  whether  the  donor  charge  should  be 
considered  a  free  air  burst  or  a  surface  burst,  the  latter  being  fully 
reflected.  Air  blast  parameters  for  the  two  cases  are  given  respec¬ 
tively  in  Figures  4*5  and  4-12  of  Reference  1.  Because  of  this 
question,  both  situations  sre  considered  and  estimated  overpressure 
calculated  for  each.  Tables  3-1  and  3-2  show  the  geometric  data  and 
resulting  air  blast  parameters  for  the  estimated  overpressures  on  the 
roof  and  also  at  an  elevation  of  5  feet  above  the  floor  (for  effects 
on  a  standing  adult).  Figure  3-1  presents  these  sane  results  as 
expected  upper  and  lower  bounds  of  overpressure  for  tha  roof  and  the 
interior  of  the  building  respectively.  Figure  3-2  shows  the  idealised 
path  of  the  blast  wave  over  the  building.  There  is  another  path  which 
must  also  be  considered  and  it  is  shown  in  Figure  3-3.  The  results  of 
this  load  path  wt.e  found  to  be  no  more  severe  than  those  of  Figure 
3-2  and  therefore,  were  not  further  considered.  The  building  tested 
in  Reference  3  had  a  roof  deck  of  transite  nearly  identical  to  the 
Milan  Building  A-2.  The  estimated  dynamic  capacity  of  the  roof  decking 
in  that  test  was  about  6  pai  for  short  duration  impulsive  loadings. 
Since  The  Milan  Building  A-2  deck  is  a  slightly  longer  span,  it  would 
be  expected  to  fail  at  a  slightly  Tower  load.  Predicting  the  decking 
failure  load  at  Milan  to  be  approximately  4.5  p&i,  the  information  in 
Figure  3-1  suggests  thst  roof  deck  within  about  30  feet  cf  the  cubicle 
would  probably  fail.  This  wes  consistent  with  observed  damage  as 
shown  iu  Figures  2-2  through  2-4. 


Blast  Loads  Within  the  Cubicle 

The  blast  environment  inside  the  donor  cubicle  is  also  calculated 
based  on  the  information  in  Reference  1.  The  cubicle  has  one  entire 
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wall  op«n  to  the  adjacent  sarviq*  ramp  and  the  ramp  was  deaigned  with 
a  frangible  exterior  wall*  As  a  consequence,  pas  pressure  ia  not  a 
consideration  and  only  shock  pressures  need  be  considered.  The 
estimated  air  blast  anvironadnt  within  the  cubicle  ia  presented  in 
Table  3-3.  The  information  shown  ia  similar  to  the  same  data  in 
Reference  3  for  a  similar  magnitude  doner. 


4.0  ASSESSMENT  OF  REMAINING  STRUCTURAL  CAPACITY 


Building  Structural  System 

Upon  completion  of  the  damage  survey  and  the  initial  evaluation 
that  the  building  structural  framing  system  was  undamaged  and  suitable 
for  reuse,  a  new  lightweight  aluminum  roof  decking  was  installed. 

This  decking  was  used  in  place  of  the  former  cement  asbestos  decking 
which  had  the  undesirable  trait  during  failure  of  generating  large 
amounts  of  secondary  free  falling  fragment*,  however  on  the 
beneficial  side  the  lov  failure  capacity  of  the  transits  assured  that 
significant  dynamic  loads  would  not  be  imposed  on  the  roof  deck 
support  beana  (purlins)  or  the  main  building  framing.  The  new 
aluminum  decking  has  a  very  low  load  capacity  when  it  was  limited  to  a 
two  span  configuration.  However  the  decking  as  -tctually  installed 
covered  four  spans.  This  results  in  the  two  interior  spans  being 
capable  of  developing  large  deflection  membrane  resistance  after  the 
low  flexure  capacity  is  exceeded.  It  was  therefore  necessary  to 
asnure  that  the  roof  purlins  were  capable  of  resisting  the  new  loads. 
Using  the  upper  bound  overpressures  determined  previously  for  the 
roof,  a  conservative  analysis  based  on  References  1  and  4  confirmed 
that  the  roof  purlins  and  trusses  could  safely  resist  a  similar 
incident  in  the  future. 


Press  Cubicle 

Dynamic  analyses  of  the  press  cubicle  walls  and  roof  were 
performed  based  on  Reference  1.  The  concrete  strength  used  in  the 
analysis  was  based  on  the  results  of  the  actual  in-place  compressive 
strength  oi  che  cubicle  concrete  as  dstermined  by  nondestructive 
testing  performed  in  Reference  5.  The  measured  compressive  strength 
values  are  given  in  Table  4-1  and  exhibit  the  increase  in  strength 
with  age  that  is  typical  of  quality  concrete.  The  dynamic  stuctural 
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properties  of  the  cubicle  are  piven  in  Table  4-2.  The  results  of 
these  analyses  in  terms  of  predicted  maximum  deflections  and  actual 
measured  values  at  midspan  of  walls  and  roof  are  shown  in  Table  4-3. 

It  shoul u  be  noted  that  the  presence  of  tensile  steel  at  the  middepth 
of  the  concrete  elements  has  a  significant  influence  in  limiting  the 
maximum  deflection.  This  steel  is  normally  neglected  when  designing 
for  flexure.  The  measured  deflections  reflect  only  localized  perma¬ 
nent  deflections  near  the  open  end  of  the  cubicle.  The  ductility 
ratios  associated  with  these  deflections  are  within  the  range  con¬ 
sidered  to  be  acceptable  for  reusable  structures  in  Reference  1. 

Repair  of  the  spall  damage  with  a  quality  epoxy  grout  will  provide  a 
cubicle  which  is  capable  of  resisting  a  similar  incident  safely  in  the 
future. 


5.0  EVALUATION  OF  PERSONNEL  PROTECTION 


The  Milan  A2  building  was  an  upgrade  of  an  old  structure  to 
accommodate  a  new  process  with  a  hazardous  operation.  Thu  economics 
of  the  project  did  not  allow  for  hardening  the  entire  building  for 
personnel  protection  nor  did  safety  policy  at  the  time  require  such 
action.  However  the  use  of  cubicles  with  hardened  roofs  and  frangible 
vent  walls  on  the  ramp  adjacent  to  the  open  wall  of  the  cubicle  were 
used  to  provide  the  highest  feasible  lev*...  of  protection  for  a  build¬ 
ing  of  this  type.  Hazards  to  personnel  include  overpressure,  primary 
fragments  and  secondary  fragments.  Primary  fragments  were  either 
confined  or  directed  safely  away  by  the  cubicle  and  were  not  a  consid¬ 
eration  for  personnel  in  Building  A-2.  Overpressure  can  result  in 
several  types  of  hazard  and  these  will  be  discussed  individually  as 
will  secondary  fragments. 


Primary  Blast  Effects 

Primary  blast  effects  on  the  human  body  are  related  to  peak  ovei — 
pressure  and  specific  impulse  of  the  blast  wave.  The  lungs  are  the 
most  susceptible  organs  in  the  body  when  considering  primary  blast 
effects.  Figure  5-1  piesents  data  which  allows  evaluating  the  risk  of 
lung  damage  based  on  incident  overpressure  and  impulse.  These  curves 
are  extracted  from  References  6  and  7.  Shown  also  on  the  same  figure 
is  the  scaled  overpressure  and  impulse  based  on  the  upper  bound  values 
in  Table  3-2.  These  calculations  were  based  on  an  assumed  body  weight 
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of  130  pounds.  The  results  are  plotted  on  the  figure  and  show  clearly 
that  for  the  predicted  blast  environment  in  the  work  area  of  Building 
A-2,  the  risk  of  lung  damage  is  negligible. 


Tertiary  Blast  Injury 

The  term  "Tertiary  Blast  Injury"  refers  to  injuries  resulting 
from  whole  body  displacement.  Tables  5-1  and  5-2  present  criteria  for 
risk  of  injury  to  either  the  skull  or  the  whole  body  due  to  impact  at 
the  velocities  shown,.  Although  the  skull  injury  tolerance  is  gener¬ 
ally  lower,  both  criteria  have  the  same  lower  limit  "mostly  safe" 
velocity.  Figure  5-2  presents  the  critical  velocities  in  Table  5-1  in 
terms  of  incident  pressure  and  impulse.  Plotted  on  this  figure  is 
again  the  upper  bound  data  from  Table  3-2.  Results  show  clearly  that 
translational  forces  for  the  Milan  incident  appear  to  be  well  below 
those  needed  to  cause  a  critical  velocity. 


Ear  Drum  Damage 

The  human  ear  is  the  most  sensitive  part  of  the  body  when  consid¬ 
ering  the  effects  of  a  blast  wave.  An  incident  overpressure  of  5  psi 
arriving  normal  to  the  ear  represents  the  threshold  for  eardrum 
rupture.  Ever,  lower  pressures  can  cause  temporary  loss  of  hearing. 

The  generally  accepted  "Temporary  Threshold  Shift"  (TTS)  is  about  2.3 
psi  (Reference  8).  These  values  and  the  50  percent  rupture  pressure 
are  plotted  on  Figure  5-3  in  terms  of  incident  overpressure  and 
impulse,  along  with  the  upperbound  data  from  Table  3-2.  This  indi¬ 
cates  that  a  risk  of  at  least  temporary  hearing  loss  and  the  onset 
of  eardrum  rupture  existed  at  Milan  if  the  head  were  oriented  side-on 
to  the  blast  wave. 


Secondary  Fragment  Impact 

Riske  of  injuries  due  to  secondary  fragment  effects  at  Milan  were 
due  almost  entirely  to  the  break  up  of  the  transite  roof  decking  and 
it's  falling  into  the  work  area  behind  the  cubicle.  Figure  5-4  pre¬ 
sents  criteria  developed  in  Reference  9  for  injuries  to  personnel  from 
secondary  fragments.  Risk  of  injury  is  a  function  of  impact  velocity 
and  fragment  mass.  It  should  be  noted  that  the  lower  threshold  for 
injuries  from  fragments  greater  than  3  pounds  is  identical  to  that  for 
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tertiary  injury  given  earlier  in  Figure  5-2.  The  height  of  the  tran- 
site  roofing  above  the  work  area  floor  varies  from  about  11  feet  at 

the  exterior  walls  to  21  feet  at  the  center  of  the  building.  Assuming 

unobstructed  free  fall  and  neglecting  drag.  Table  5-3  presents  free 
fall  times  and  velocities  from  the  roof  to  the  floor  and  from  the  roof 
to  5  feet  6  inches  above  the  floor  respectively.  Although  a  great 
percentage  oe  the  roofing  broke  into  small  pieces,  i.e.,  less  than  2 
or  3  pounds,  there  were  sizeable  numbers  of  larger  fragments  present. 

Based  on  the  potential  free  fall  velocities  from  the  Table  5-3  and  the 

criteria  in  Figure  5-4,  there  appears  to  have  been  a  risk  of  injury 
from  secondary  fragments.  The  minimum  risk  appears  to  exist  for  per¬ 
sonnel  in  the  upright  position  which  reduces  both  the  abdominal, 
thorax,  and  limb  exposure,  as  well  as  the  probable  head  injury  veloc¬ 
ity.  Based  on  the  velocities  calculated,  any  fragment  larger  than  2 
pounds  would  pose  a  risk.  It  is  interesting  to  note  that  a  fragment 
falling  from  the  highest  elevation  of  the  roof  would  have  to  weigh  at 
least  3.7  pounds  to  exceed  the  58  foot-pound  hazardous  fragment  as 
defined  in  DOD  6055.9  (Reference  10)  which  is  the  most  current,  relat- 
able  safety  criteria.  It  should  also  be  noted  that  the  space  below 
the  roof  and  above  the  work  area  is  very  congested  with  ventilation 
ducting,  piping,  conduit  and  other  items,  none  of  which  fell.  These 
items  would  tend  to  obstruct  the  unimpeded  free  fall  of  fragments, 
particularly  large  ones.  This  effect  may  have  contributed  to  the  lack 
of  actual  fragment-impact  injuries. 


6.0  SUMMARY 


Original  Design  Safety  Criteria 

The  original  criteria  used  in  the  modification  of  the  building 
called  for  protection  of  personnel  from  primary  blast  and  fragment 
effects  (Reference  11).  Original  criteria  also  proposed  a  three-wall 
cubicle  with  a  venting  roof.  During  review  of  the  criteria  (Reference 
12),  comments  were  made  by  USAEDH  regarding  protection  which  such  a 
cubicle  was  capable  of  providing  to  personnel  in  the  building.  It  was 
recommended  that  the  cubicles  be  designed  with  a  hardened  roof  since 
this  would  substantially  reduce  the  overpressures  to  which  the  build¬ 
ing  behind  the  cubicle  would  be  subjected.  However,  it  was  also 
commented  that  even  a  hardened  roof  would  not  reduce  overpressures  on 
the  transite  roof  sufficiently  to  preclude  failure  of  the  decking.  The 
recommendation  for  adding  the  hardened  roof  to  the  design  was  incor¬ 
porated  into  the  criteria.  The  comments  regarding  roof  deck  failure 
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were  acknowledged  but  fiscal  constraints  resulted  in  retaining  the 
existing  roof.  The  philosophy  followed  and  accepted  during  the  safety 
review  was  to  obtain  the  highest  possible  level  of  protection  within 
the  limitations  of  the  existing  building  structural  system. 


Actual  Performance  of  the  Building 

The  performance  of  the  cubicle  was  as  expected  in  the  original 
design.  All  primary  blast  and  fragments  were  directed  safely  away 
from  the  operating  areas  and  the  hardened  roof  reduced  overpressures 
behind  the  cubicles  sufficiently  to  eliminate  essentially  all  risks 
other  than  threshold  eardrum  rupture  and  secondary  fragments.  It  is 
significant  to  note  that  if  the  original  concept  of  a  three-wall 
cubicle  with  a  venting  roof  had  been  used,  the  peak  overpressure  on 
the  roof  and  behind  the  cubicles  would  have  17  and  11  psit  respectively, 
and  both  damage  and  risk  of  injury  would  have  increased  substantially. 
The  actual  performance  was  also  aided  by  the  fact  that  the  quantity  of 
explosive  involved  was  less  than  the  quantity  called  for  in  the  design 
rriteria.  In  addition,  the  actual  concrete  strength  had  increased 
substantially  above  the  original  specified  value.  In  any  case  the 
cubicle  with  a  hardened  roof  is  superior  to  one  with  a  venting  roof  in 
terms  of  reducing  pressures  behind  the  cubicle.  The  overpressures  and 
cubicle  shock  loads  calculated  in  this  analysis  agree  quite  well  with 
observed  damage  at  Milan  and  are  also  in  good  agreement  with  measured 
data  from  the  full  scale  building  test  of  Reference  3. 


Personnel  Protection 

The  most  current  governing  criteria  for  personnel  protection  is 
defined  in  Reference  10.  This  guidance  requires  personnel  be  pro¬ 
tected  from  fragments  exceeding  58  foot-pounds  of  energy  and  over¬ 
pressure  exceeding  2.3  psi.  This  guidance  did  not  govern  at  the  time 
the  Milan  design  and  construction  were  performed.  Although  not  in 
compliance  with  this  more  recent  criteria,  the  Milan  building  and 
cubicles  do  in  effect  provide  a  high  degree  of  protection  for  opera¬ 
ting  personnel.  The  new  aluminum  roof  will  essentially  eliminate 
the  secondary  fragment  risk  experienced  in  this  accident.  The  most 
likely  remaining  risk  to  personnel  will  continue  to  be  that  of 
temporary  threshold  shift  and  possible  eardrum  rupture. 
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Figure  2-2 


Figure  2-3 


Figure  2-5 
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Figure  2-4 

Figure  2-1.  Plan  View  of  a  Portion  of  Building  A2 
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Figure  2-4.  West  Elevation  of  Overall  Building 


Figure  2-5.  Donor  Cubicle 


‘  L  v.  . 

.  4  T*  '  • 

U-  '  <  ■• 

'Jfc.w*  •*»,  % 

ir-4,  /  *  ■  :.<...■ 

»&*T 

J5.:  r:,.  • 


-i'-k. 
*  **■  • 


;  *,  * 


Figure  2-6.  Edge  of  Roof  Slab  Donor  Cubicle 


Figure  2-11.  Upper  Haunch  Right  Wall 


Table  3-1.  Airblast  Loading  on  Roof 
(see  notes) 


W*=2.7I 


ROOF(I)  R'(2) 
LOCATION  (FT) 


R-l  I  27 


12.9 


47  117.4 


21.4 


AIRBURST(3) 

o 

URFACE  BURST(4) 

Flo 

nn 

F*o 

\mmu 

s 

391 


26.4 


warnmMmmmmimi 


Table  3-2.  Airblaot  Loading  5  Ft  Above  Floor 
(see  notes) 


FLOOR(I)  R'(2) 
LOCATION  (FT) 


AIRBURST(3)  SURFACE  BURST(4) 


ho  To  U  Pso  T0  Is 


18.9 


6.8  11.6  5.0  7.3  18.9 


10.0  3.9  8.4  16.2 


12.9 


NOTES:  1.  See  figure  3-1  for  locations 

2.  R'-*f fec.tive  distance  determined 
per  reference  2 

3.  From  figure  4-5  of  reference  1 

4.  From  figure  4-12  of  reference  1 

UNITS:  Pso-(PSI)  To-(msec)  Ig-(PSI-msec) 
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igure  3-1.  Milan  Line  A  Donor  Cubicle  Overpressures 
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Figure  3-3.  Blast  Path  Exterior  to  Cubicle 


Table  3-3.  Blast  Environment  Within  Cubicle 


CUBICLE 

LOCATION 

(1) 

p* 

kRAMETER  (2) 

IMPULSE 

(PSI-ms) 

PRESSURE 

(PSD 

DURATION 

(msec) 

wmmm 

5S6 

313 

3.6 

600 

331 

3.6 

_ 600- 

_ 262 _ 

_ 4*6 _ 

I 
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Table  4-1.  Measured  Compressive  Strength  (PSI) 
(reference  5) 


LOCATION 

LOWER 

MIDDLE 

UPPER 

LEFT 

WALL 

6870 

7000 

7000 

RIGHT  1 
WALL 

6155 

7460 

7000 

REAR 

WALL 

6285 

7240 

7000 

ROOF 

7000 

7000 

7000 

Table  4-2.  Cubicle  Dynamic  Properties 


CUBICLE 

NATURAL 

ULTIMATE 

STIFFNESS 

MASS 

SURFACE 

PERIOD 

RESISTANCE 

*e 

Me 

(nsec) 

(PSI) 

(LB/IN) 

(LB-ms  /IN) 

SIDEWALL 

5.36 

209 

2438 

ROOF 

7.8 

1462 

2271 

REAR  WA 


Table  4-3.  Response 


CUBICLE 

SURFACE 

CALCULATED 

MEASURED 

MAXIMUM 
DEFL  (IN) 

2-DEGREE 
DEFL  (IN) 

ELASTIC 
DEFL  (IN) 

MAXIMUM 
DEFL  (IN) 

wmm vm 

M 

wemim 

raw 

■EK-iS 

ROOF 

1.8 

0.236 

NONE 

REAR  WALL 

1.68 

■EMUi 

-  -Q-25. 
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Table  5-1*  Criteria  for  Tertiary  Damage  (Deceleratlve 
Impact)  to  the  Head  (reference  8) 


SKULL  FRACTURE 
TOLKRANCI 

MOSTLY  "SAFI” 

THRESHOLD 

50  PERCENT  LETHALITY 
NEAR  100  PERCENT  LETHALITY 


IMPACT  VELOCITY 
FT/SBC 

10 

13 

18 

23 


Table  5-2*  Criteria  for  Tertiary  Damage  Involving 
Total  Body  Impact  (reference  8) 


TOTAL  BODY  IMPACT 
TOLERANCE 

MOSTLY  "SAFE" 

LETHALITY  THRESHOLD 

50  PERCENT  LETHALITY 

NEAR  100  PERCENT  LETHALITY 


IMPACT  VELOCITY 
FT/SBC _ 

10 

21 

54 

138 
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Figure  5-2.  Skull  Fracture  Risk  (reference  8) 
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Incident  overpressure  Ps,  psi 
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Figure  5-3.  Human  Ear  Damage  Risk  for  Normal  Incidence  BlaTt  Waves 
(reference  8) 


igure  5-4 .  Personnel  Response  to  Fragment  Impact  (Serious  Injury  Threshold) 
(reference  8) 


Table  5-3.  Free  Fall  Inpact  Velocities 
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DESKTOP 


COMPUTERS  AND  EXPLOSIVE  SAFETY 


by  John  M.  Ferritto,  Consultant  j 

Pacific  Airfield  Technology  Company  ] 

3875  Telegraph  Road,  Suite  A-321  j 

Ventura,  California  93003 
805  984-1269 

Introduction  ] 

The  last  ten  years  have  witnessed  a  major  evolution  in  j 
computing  capability.  We  started  with  programmable  calculators 
and  ended  up  with  desk-top  computers.  This  astounding  change  l 
resulted  from  the  capability  to  package  many  individual  electronic 
components  into  a  single  chip.  The  capability  of  producing  a 
single  chip  replacing  thousands  of  equivalent  "transistors" 
coupled  with  the  ability  to  mass  produce  these  chips  at  low  cost 
has  made  it  possible  for  every  engineer  to  new  have  a  computer  at 
his  desk  which  10  years  ago  would  have  cost  hundreds  of  thousands 
of  dollars  and  filled  a  room.  For  example  in  1980  the  central 
processing  unit  chip  (CPU)  for  a  desk-top  computer,  an  8088  chip 
cost  $350.  Today  the  same  chip  costs  $8.  The  memory  of  the  desk¬ 
top  computer  largely  has  used  the  4164  dynamic  ram  chip.  The  IBM  j 
PC  uses  a  set  of  9  of  these  chips  for  each  book  of  64k  memory,  j 
The  current  cost  of  these  chips  is  typical  of  mass-produced  j 
integrated  circuits.  Once  the  initial  development  costs  are  paid 
off  and  competition  develops,  prices  decrease  rapidly.  To 
illustrate  note  the  cost  for  1  4164  chip: 

1980  $175.00 

1981  50.00 

1982  15.00 

1983  7.50 

1984  5.00 

1985  1.00 

In  1980  512k  of  memory  cost  about  $12,000;  today  it  is  under  $100. 

The  U.S.  computer  industry  once  the  sole  producer  of  chips  j 
and  computers  has  now  found  severe  competition  from  Japan,  Taiwan, 
and  Korea.  This  competition  has  resulted  in  the  U.S.  losing  not 
only  the  lead,  but  the  total  ability  to  compete  in  the  dynamic-ram 
chip  area.  Japan  developed  the  new  256k  ram  chip  first.  Now  the  I 
major  U.S.  chip  producers  are  abandoning  that  segment  of  the 
market.  The  major  computer  manufacturers  like  IBM  are  now  faced 
with  fully  functioning  "clones"  being  imported  from  Taiwan  at  1/3  ! 
ofthecost.  I 

The  engineer  now  can  have  at  his  desk  a  computer  with  2  disk  ; 
drives,  512k  of  memory  and  a  monochrome  monitor  for  $1,000.00.  It 
is  now  possible  to  put  the  programs  that  were  developed  to  run  on 
main-frame  computers  on  the  desk-top  computer. 
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FORTRAN  Compilers  / 

FORTRAN  was  developed  by  IBM  in  1956  when  computers  were  in 
the  hands  of  scientists  primarily  dealing  with  algebraic  formulas. 
The  name  FORTRAN  (FORmula  TRANslation)  and  the  mathematical 
appearance  of  the  language  reflect  the  background  of  its 
designers.  It  remains  the  language  of  choice  or  today's  super 
computers. 

FORTRAN  has  been  the  computer  language  used  by  most  engineers 
to  develop  programs.  FORTRAN  has  been  around  about  30  years. 
Personal  computer  users  can  utilize  FORTRAN;  however,  to  do  this  a 
compiler  must  be  used.  A  compiler  is  a  program  set  which  is  used 
to  translate  the  engineer's  FORTRAN  code  to  a  usable  machine 
language.  The  engineer  can  develop  his  FORTRAN  code  using  any 
work  processor  when  he  has  completed  the  development  phase  he 
"compiles"  and  "Links"  the  program*  The  compilation  process  uses 
a  compiler  program  which  checks  each  FORTRAN  statement  for  errors 
and  then  creates  an  object  program.  The  linking  process  uses  a 
linking  program  to  combine  the  object  program  and  subprograms 
(subroutine)  together  with  a  library  of  standard  functions  (sine, 
cosine,  etc.). 

There  are  about  8  FORTRAN  compilers  for  use  on  the  personal 
computer.  The  main  ones  are: 

IBM  Professional 
Microsoft  MS  FORTRAN 
Lahey  Computer  Systems  F77L 
Ryan-McFarland 
Supersoft  FORTRAN-66 

The  first  IBM/Microsoft  FORTRAN  compiler  was  released  in 
1982.  It  was  slow,  cumbersome  and  had  limited  capabilities.  The 
situation  has  improved  dramatically.  IBM  now  markets  a  full 
implementation  of  FORTRAN-77  from  Ryan-McFarland.  Ryan-McFarland 
markets  a  similar  version.  Microsoft  is  a  major  producer  of  one  of 
the  most  popular  compilers.  Their  compiler  uses  a  2  pass  system 
as  opposed  to  the  single  pass  system  in  the  IBM/Ryan-Mcf arland 
compiler.  This  means  you  must  run  your  FORTRAN  source  through  2 
computer  programs  instead  of  one.  A  major  advantage  of  the 
Microsoft  compiler  is  that  the  use  of  the  8087  Math  coprocessor 
chip  is  optional.  It  will  support  it  if  it  is  present  and  it  will 
also  work  if  it  is  not.  This  makes  code  more  adaptable  to  a  wider 
variety  of  computers.  However  the  code  runs  slightly  slower  than 
tne  IBM/Ryan-Mcf arland  compiled  code.  The  Lahey  compiler  produces 
code  which  will  run  at  speeds  usually  faster  than  Microsoft's 
code.  Further  the  Lahey  compiler  is  the  fastest  compiler  taking 
half  the  time  of  IBM/Ryan-Mcf arland  and  Microsoft.  Lah^y  requires 
an  8087  chip.  The  Supersoft  FORTRAN-66  is  an  older  version  and  as 
such  would  not  support  the  FORTRAN-77  standard. 

Each  compiler  has  advantages  and  disadvantages  in  the  size  of 
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code  which  can  be  compiled,  the  variation  in  FORTRAN  language 
extensions  and  formats.  One  may  check  certain  errors  while 
another  not.  The  IBM/Ryan-McFarland  and  Microsoft  compilers 
operate  on  192k  and  the  Lahey  compiler  requires  256k. 


PCBARCS 

This  section  will  illustrate  the  development  of  a  computer 
program  for  the  analysis  of  reinforced  concrete  slabs.  Some  years 
ago  we  were  faced  with  the  analysis  of  numerous  blast  resistant 
cells.  The  analysis  was  to  follow  the  procedures  outlined  in  TM 
5-1300.  The  detailed  procedures  generally  required  about  40  man 
hours  per  cell  per  explosive  location  to  analyze  the  response  of 
each  wall.  To  accomplish  this  task  various  portions  of  the 
analyses  were  automated  and  then  combined  into  a  single  program. 
The  program  ran  on  a  large  main-frame  computer.  With  the 
development  and  wide  accessibility  of  desk  top  computers,  we 
produced  a  version  of  BARCS  which  would  work  on  a  personal  desk¬ 
top  computer.  The  original  program  was  a  "batch"  program  designed 
to  run  from  a  set  of  data  statement  without  user  interaction. 
The  program  was  redesigned  to  facilitate  data  input.  Further  the  ] 
loads  portion  was  separated  from  the  response  part  to  simplify 
usage.  The  program  was  made  menu-driven  and  the  user  is  guide 
through  the  input  of  the  required  data.  When  the  TM5-1300  was 
revised  the  program  was  rewritten  to  include  the  updates.  The 
1986  version  reflects  the  significant  changes  in  loads 
computations  and  the  revisions  to  the  stiffness  computation. 

This  section  will  explain  the  input  data  questions  asked  by 
the  computer  to  calculate  the  blast  loading  on  a  wall.  The  basic 
geometry  of  tho  problem  assumes  that  a  spherical  charge  composed 
of  TNT  is  located  a  distance  away  from  the  wall  of  interest  and  it 
is  desired  to  calculate  the  everage  peak  reflected  pressure,  the 
duration  of  this  pressure  and  the  impulse;  additionally,  the  peak  j 
confined  gas  pressure,  duration  of  the  gas  pressure  and  gas 
impulse  may  be  computed  from  the  cell  geometry  and  vent  area.  The 
program  assumes  that  the  explosive  is  a  sphere  of  TNT;  no 
provision  is  made  for  explosive  type  or  shape  factors.  The  user  j 
must  increase  or  decrease  the  actual  explosive  to  account  for  the  i 
shape  of  the  charge  and/or  the  type  of  explosive.  Additionally  a  1 
safety  factor  may  be  applied  to  the  explosive  weight  to  increase  ! 
it  to  account  for  unknowns.  The  program  next  asks  for  the  ! 
distance  the  charge  is  away  from  the  wall,  the  height  of  the  wall, 
the  length  of  the  wall  and  the  distance  the  explosive  is  to  the  1 
left  side  of  the  wall,  see  Figure  1  for  clarity.  The  program  next 
asks  for  the  cell  volume  for  use  in  computing  the  gas  pressure. 
The  cell  volume  is  the  product  of  the  height,  width  and  length  of 
the  room  containing  the  wall  of  interest.  Also  the  area  of  the 
vent  is  required  for  the  gas  computation.  This  is  the  area  of 
the  frangible  surface  assumed  to  be  blown  away  to  provide  venting 
of  the  gases  after  an  explosion.  The  weight  of  the  frangible 
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material  in  pounds  is  required.  The  reflected  impulse  on  the 
frangible  panel  is  required.  The  program  can  include  reflections 
from  floor,  roof  and  left  and  right  side  walls.  Generally 
reflections  from  all  these  surfaces  will  occur  and  should  be 
included.  A  reflection  has  been  noted  to  occur  from  all  surfaces 
even  frangible  surfaces. 


This  section  will  explain  the  input  questions  asked  by  the 
computer  to  calculate  the  response  of  a  reinforced  concrete  slab 
to  the  shock  and  gas  pressure  pulse  shown  in  Figure  2.  The 
program  asks  the  equivalent  spherical  TNT  charge  weight  used  to 
calculate  the  pressures,  the  peak  average  pressure  acting  over 
the  wall,  the  duration  of  the  shock  pressure,  the  peak  gas 
pressure,  the  duration  of  the  gas  pressure,  and  the  total 
impulse.  The  units  used  for  these  variables  are  psi,  msec,  and 
psi-msec.  The  valves  are  obtained  directly  from  the  output  of 
the  load3  portion  of  the  program.  The  program  asks  the  wall 
height  and  width  in  feet.  The  program  next  asks  for  a  code  number 
to  identify  the  boundary  conditions  of  the  wall  giving  the 
restraint  fixity  of  the  sides.  Figure  3  shows  the  codes  used.  A 
code  1  has  the  base  supported  and  all  other  sides  free;  a  code  2 
has  the  left  side  and  floor  fixed  and  the  other  two  sides  free;  a 
code  3  has  the  roof  free  and  the  other  sides  fixed;  a  code  4  has 
all  four  sides  fixed;  a  code  5  assumes  oneway  beam  action  with 
simply  supported  sides  on  two  opposite  sides  and  free  sides  the 
other  way;  a  code  6  assumes  oneway  beam  action  as  in  5  but  with 
the  two  opposite  sides  fixed  and  the  other  two  free;  the  code  7 
assumes  oneway  beam  action  with  one  side  simply  supported  and  the 
other  opposite  side  fixed  and  the  two  other  sides  free.  The 
program  asks  for  the  allowable  deflection  limit  in  degrees.  The 
usual  range  is  between  2  and  12  degrees  of  support  rotation 
depending  on  the  degree  of  life  safety  required.  A  provision 
is  included  to  compute  a  wall  impulse  capacity  for  use  in 
composite  concrete-sand  fill  walls. 


The  program  next  asks  for  the  wall  section  and  material 
properties,  concrete  thickness,  ultimate  dynamic  concrete 
stress,  dynamic  yield  stress  of  the  reinforcing  steel,  lacing 
spacings  if  used.  Units  of  inches  and  psi  are  used.  The 
program  gives  the  user  a  choice  of  how  he  may  enter  the 
reinforcing  either  in  areas  of  steel  per  foot  of  wall  or  in 
standard  U.S.  bar  sizes  and  bar  spacings.  Provision  is  made  for 
horizontal  and  vertical  reinforcement  on  the  top  (blast  side) 
and  bottom  (opposite  side). 


OPTIMIZED  DESIGN 

1 

The  program  PCBARCS  has  the  capability  to  perform 
optimized  design  performing  repeated  iterations  minimizing  the 
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cost  cf  a  concrete  slab  and  adjusting  the  thickness  of 
concrete  and  the  amount  of  reinforcing  steel.  The  optimization 
problem  is  complicated  by  the  deflection  limits  and  shear 
requirements  which  must  be  satisfied.  The  final  selection 
depends  upon  the  starting  point.  The  iteration  is  performed  a 
number  of  time  until  a  limit  is  reached  or  the  solution  fails  to 
change  significantly.  The  ut;_r  must  verify  the  adequacy  of 
the  final  design.  It  is  possible  that  a  solution  could  not  be 
found  which  satisfies  all  constraints.  Particularly  the  design 
of  a  reinforced  concrete  section  without  shear  steel  restricted 
to  deflections  less  than  2  decrees  is  complicated  by  the  fact 
that  as  flexural  stiffness  is  increased  to  limit  deflection 
additional  shear  strength  is  required  which  is  based  only 
on  the  unreinforced  concrete  section.  Indeed  there  are 

combinations  of  load  and  geometry  in  which  it  is  impossible  to 
produce  a  section  which  meets  all  constraints  without  the  use  of 
shear  reinforcement.  This  is  one  of  the  reasons  the  revised 
P397/TM 5-1 300  manual  reduced  the  minimum  requirements  for 
flexural  steel.  When  the  optimized  design  section  is  selected  the 
cost  of  concrete  and  steel  is  input. 

The  optimization  problem  consists  of  finding  the 
least-cost  structure  that  satisfies  all  the  design  constraints; 
or,  stated  in  optimization  terms: 

Find  X  such  that  M(X)  is  a  minimum  and 

g  (X)  LT  O  i  =  1  #  2  ,  N 
i 

where  X  =  vector  of  design  variables 

N  =  number  of  design  constraints 

i 

] 

g  =  vector  of  design  constraints 
M  =  objective  function 

1 

1 

Specifically  for  this  problem,  the  design  variables  selected  j 
are  areas  of  steel  reinforcement  and  thickness  of  concrete.  The  ] 

design  constraints  are  the  flexural  and  shear  limits.  The  j 

objective  function  consists  of  the  costs  of  formwork  and 
concrete  flexural  and  shear  reinforcement.  j 

i 

Fixed  Variables  j 

i 

explosive  weight 
wall  height 
wall  length 
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height  of  explosive  above  floor 
distance  of  explosive  from  left  sidle  of  wall 
distance  of  explosive  from  wall 
reflection  code 

ultimate  dynamic  concrete  strength 
dynamic  yield  strength  of  reinforcing  steel 
rotation  criterion 


Design  Parameters,  X 

concrete  thickness 

X  =  area  of  vertical  reinforcing  steel 

area  of  horizontal  reinforcing  steel 

Constraints,  g  (X) 

maximum  deflection 

Y(X)  LT  Vc  for  Theta  LT  2  deg,  maximum  shear 
Tc  GT  10,  minimum  thickness 
Asv  GT  0.0015  bd,  minimum  vertical  steel 
Ash  GT  0.0015  bd,  minimum  horizontal  steel 

The  methodology  selected  uses  the  unconstrained  minimization 
approach.  The  problem  is  converted  to  an  unconstrained 
minimization  by  constructing  a  function.  0,  of  the  general  form 

0(X,  r)  =  M { X )  +  P[g  (X),  ...,g  (X),r] 

For  this  problem  the  interior  penalty  function  technique 
was  selected.  This  methodology  is  suitable  when  gradients  are 
not  available,  and,  because  the  method  uses  the  feasible  region, 
a  usable  solution  always  results.  The  objective  function  is 
augmented  with  a  penalty  term  that  is  small  at  points  away  from 
the  constraints  in  the  feasible  region,  but  increases  rapidly  as 
the  constraints  are  approached.  The  form  is  as  follows: 

N 

0( X , r )  =  M ( X )  -  r  *  SUM  (  1  /  (g  (X)  )  ) 

j  =1  j 
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where  N  is  to  be  minimized  over  all  X  satisfyin  g(X)  Lt  0,  j  * 
2...N.  Note  that  if  r  is  positive,  then,  since  at  any  interior 
point  all  of  the  terms  in  the  sum  are  negative,  the  effect  is  to 
add  a  positive  penalty  to  M(X).  As  the  boundary  is  approached, 
some  g  (X)  will  approach  zero,  and  the  penalty  will  increase 
rapidly.  The  parameter,  r,  will  be  made  successively  smaller  in 
order  to  obtain  the  constrained  minimum  of  M. 

Objective  Function,  F 

cost  *  F  *  (H*  L*  TC  )CC  +  ( AV+AH )  ( L  *  H)CS 

+  (AS  )(L  *  H )CL 

where 

CC  *  Cost  of  concrete  ($/cu  ft) 

CS  =  Cost  of  flexural  reinforcement  ($/cu  in) 

CL  =  Cost  of  shear  reinforcement  ($/cu  in) 

AS  a  Area  shear  reinforcement  ($/cu  in) 

N 

0  =  F  +  r  *  SUM  (  1  /  (  g  (x)  )  ) 

j=l  j 

where  r  is  the  penalty  function. 

The  program  requires  a  starting  point  in  the  feasible  region 
before  optimization  can  proceed  This  is  accomplished 
automatically  by  the  program  by  incrementing  the  design  variables 
until  a  feasible  point  is  reached.  An  algorithm  which 
comprises  the  steps  most  commonly  used  is  as  follows: 

1.  Given  a  starting  point  Xo,  satisfying  all 
g(X)  LT  0  and  an  initial  value  of  r,  minimize 

O  to  obtain  Xmin. 

2.  Check  for  convergence  of  Xmin  to  the  optimum. 

3.  If  the  convergence  criterion  is  not  satisfied, 
reduce  r  by  c  where  c  is  less  than  1.0 

4.  Compute  a  new  starting  point  for  the 
minimization,  initialize  the  minimization 
algorithm,  and  repeat  from  step  1. 

The  minimization  of  0(x,r)  is  accomplished  by  a  method  developed 
by  Powell  using  conjugate  direction.  Powell's  method  can  be 
understood  as  follows:  Given  that  the  function  has  been 
minimized  once  in  each  of  the  coordinate  directions  and  then 
in  the  associated  pattern  direction.  Discard  one  of  the 
coordinate  directions  in  favor  of  the  pattern  direction  for 
inclusion  in  the  next  minimizations,  since  this  is  likely  to  be  a 
better  direction  than  the  discarded  coordinate  direction.  After 
the  next  cycle  of  minimizations,  generate  a  new  pattern 


* 
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direction,  and  again  replace  one  of  the  coordinate  directions. 


CAPABILITIES  AND  LIMITS  OF  THE  PROGRAM 


The  program  is  written  to  follow  the  Department  of  Defei.se 
Triservice  Manual  TM5-1300^Design  of  Structures  To  Resist  the 
Effects  of  Accidental  Explosions*S  The  procedures  used  in  the 
program  are  automated  forms  of  the  hand  calculations  performed  in 
the  manual  and  as  such  are  no  better  or  no  worse.  The  methodology 
computes  the  approximate  structural  properties  of  a  reinforced 
concrete  slab  and  treats  it  as  an  equivalent  single  degree  of 
freedom  system  solving  for  the  dynamic  response.  This  is  a  major 
simplification  however  experience  has  shown  it  to  produce  results 
which  are  adequate  considering  the  errors  in  determining  the 
loads.  The  results  tend  to  be  on  the  conservative  side  in  favor 
of  safe  construction.  This  procedure  is  intended  to  give 
professional  engineers  a  first  cut  in  the  design  of  complex  slabs 
subject  to  dynamic  blast  loads.. 

A; 
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ABSTRACT 


The  paper  deals  with  the  optimal  design  of  ammunition  storage  facilities 
to  withstand  conventional  weapons  attacks  both  in  conventional  warfare 
and  in  commando/terrorist  attacks.  The  structures  discussed  are  storage 
magazines  and  assembly  facilities  and  represent  actual  projects  already 
constructed.  Several  of  the  latest  weapons  and  explosive  devices  used 
by  terrorists  worldwide  are  described,  as  well  as  potential  damages  to 
the  ammunition  related  facilities  and  the  surrounding  structures  and 
installations . 


The  conceptual  security,  hardening,  and  protection  countermeasures  are 
presented  and  the  optimal  design  of  the  entire  facility  as  well  as  of 
the  individual  structures  is  described 

Two  computer  codes  developed  in-house  are  shortly  reviewed; 

•  Ti.i«  Computerized  Security  Analysis  (CSA) 

•  The  Computerized  Hardening  Analysis  (CHA) 

The  use  of  these  computer  codes  in  the  optimal  design  of  ammunition 
related  facilities  to  withstand  conventional  weapons  effects  is 
detailed. 
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INTRODUCTION 


Lately,  the  threat  of  ammunition  storage  facilities  being  subjected  to 
conventional  weapons  attacks  from  conventional  warfare  in  regions  where 
armed  conflicts  are  occurring  or  could  occur  and  from  terrorist  attacks 
worldwide  has  increased  considerably. 

Ammunition  storage  facilities  are  normally  designed  for  the  case  of  an 
accidental  explosion  occurring  in  one  structure  when  the  adjacent 
structures  will  not  allow  a  sympathetic  explosion  to  occur,  it  seems 
that  designing  these  installations  to  withstanu  conventional  weapons 
effects  is  not  really  required. 

However,  the  following  factors  should  be  considered: 

a.  The  much  higher  probability  of  a  conventional 
weapons  attack  as  compared  to  an  accidental 
explosion. 

b.  The  actual  explosion  effects  to  the  surrounding 
facilities  and  to  the  people. 

c.  The  costs  of  necessary  repairs  to  the  damaged 
installations. 

d.  The  costs  of  the  amounition  activated  by  the 
conventional  weapons  effects. 

In  light  of  the  above  considerations,  recent  designs  of  ammunition 
related  facilities  in  many  countries  have  incorporated  requirements  to 
withstand  conventional  weapons  effects.  In  this  paper,  the  subject  of 
optimal  design  of  these  installations  is  addressed. 

CONVENTIONAL  WEAPONS  ATTACKS 


Conventional  weapons  attacks,  as  referred  to  in  this  oaper,  include: 

conventional  warfare 
-  commando  raids 
terrorist  attacks 
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The  weapons  considered  in  the  conventional  warfare  scenario  are  the 
normal  ground,  air,  and  sea  delivered  projectiles  of  ail  types  usually 
containing  different  amounts  of  high-explosives. 

The  weapons  associated  with  commando  raids  are  the  whole  range  of 
portable  infantry  weapons  as  well  as  weapons  mounted  on  light 
vehicles.  Relatively  large  quantities  of  explosives  can  also  be 
considered  for  commando  raids. 

The  weapons  used  in  short-range  terrorist  attacks  are  similar  to  those 
for  commando  raids;  additional  weapons  used  by  terrorists  in  long-range 
attacks  should  also  be  considered. 

RECENT  WEAPONS  AND  EXPLOSIVE  DEVICES  USED 
IN  TERRORIST  ATTACKS 

Recently,  several  "new"  types  of  weapons  were  used  in  long-range 
terrorist  attacks  broadening  the  range  of  weapons  for  which  the 
designers  must  provide  appropriate  strength  to  the  installations 
requiring  protection. 

Among  these  recent  weapons  one  can  find: 

a.  Anti-aircraft  double-barrel  guns  mounted  on  light 
vehicles. 

b.  More  powerfull  RPG  projectiles  (Rocket-Propelled- 
Crenades). 

c.  Recoilless  guns  activated  by  two  terrorists  on  the 
ground. 

d.  Different  types  of  anti-tank  military  rockets. 

e.  Different  types  of  ground-to-air  rockets. 

f.  "Home-made"  mortar  launchers  mounted  on  vehicles. 


g.  Different  types  of  self-launching  rocket-propelled 
projectiles. 

h.  Different  types  of  rocket-launchers  mounted  on 
light  vehicles. 

In  addition  to  the  aforementioned  weapons,  several  "new"  types  of 
attacks  using  explosive  devices  have  occurred: 

a.  Throwing  explosive  devices  over  perimeter  barrier 
systems  by  using  slingshots. 

b.  Carrying  explosive  charges  to  the  target  by  using 
remote-controlled  small  aircraft,  gliders, 
balloons,  etc. 

c.  Carrying  explosive  charges  to  the  target  by  using 
remote-controlled  small  boats  and  mini-submarines. 

In  many  recent  instances,  car-bombs  and  truck-bombs  have  been  used 
against  different  installations  worldwide  with  severe  consequences; 
especially  when  the  drivers  committed  suicide  in  performing  the  attack. 

Finally,  animals  (mules,  etc.)  have  also  been  used  to  carry  explosive* 
inside  an  installation  and  even  innocent  people  inadvertent!^  carrying 
explosives  have  been  made  to  approach  different  targets. 

In  conclusion,  we  are  witnessing  both  an  increased  number  of  terrorist 
•attacks  on  military  and  civilian  installations  worldwide  and  also  the 
use  of  more  efficient  and  sophisticated  weapons  and  explosive  devices  as 
well  as  the  suicidal  type  of  attacks. 

AMMUNITION  RELATED  FACILITIES 

The  following  ammunition  related  facilities  could  be  considered  as 
targets  for  conventional  weapons  attacks: 
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•  Ammunition  storage  installations 

-  open  storage  areas 
barricaded  structures 

-  magazines 

•  Assembly  facilities 

•  Manufacturing  plants 

•  Testing  facilities 

As  shown  recently  in  several  terrorist  attacks  in  different  countries, 
"soft  targets"  such  as  service  facilities  and  even  ec.commodation 
quarters  were  attacked. 

POTENTIAL  DAMAGES  FROM  CONVENTIONAL  WEAPONS  ATTACKS 
ON  AMMUNITION  RELATED  FACILITIES 

As  we  all  know,  ammunition  related  facilities  are  designed  for  the  cash 
of  an  accidental  explosion;  the  risk  of  local  damage  is  accepted  while 
the  requirement  is  to  prevent  sympathetic  explosions  in  adjacent 
installations. 

However,  when  considering  conventional  weapons  attacks,  the  probability 
of  the  installations  being  hit  and  the  inducing  of  an  explosion  is  much 
higher  than  for  the  case  of  accidental  explosion — for  these  types  of 
attacks,  the  explosion  of  more  thaw  one  installation  can  easily  be 
induced  increasing  the  local  damage  considerably.  Besides  the  much 
larger  local  damage  which  can  be  expected  in  conventional  weapons 
attacks,  higher  levels  of  damage  to  the  surroundings  could  be  incurred 
with  severe  consequences  to  property  and  life. 

For  conventional  weapons  attacks,  we  should  consider  carefully  the  coats 
of  repairing  the  damages  to  the  installations  as  well  as  the  time 
required  to  return  to  normal  activity — especially  in  assembly  and 
manufacturing  facilities. 
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Finally,  as  the  ammunition  becomes  more  sophisticated  and  expensive,  che 
actual  costs  of  replacing  damaged  ammunition  after  an  attack,  are  being 
considered  in  different  countries. 

In  conclusion,  the  consequences  of  conventional  weapons  attacks  in 
general  und  a  terrorist  attack  in  particular  can  be  quite  severe  and 
definitely  much  higher  than  for  an  accidental  explosion. 

DECISION  ON  STRENGTHENING  AMMUNITION  RELATED  FACILITIES 
ACAIKST  CONVENTIONAL  WEAPONS  ATTACKS 


Before  deciding  what  action  to  take  when  considering  conventional 
weapons  attacks  on  ammunition  related  facilities,  the  following  analysis 
should  be  perforr  ed: 


a.  A  threat  analysis  in  which  all  the  possible  types 
of  attacks,  weapons  and  explosive  devices  must  be 
considered  in  a  probabilistic  way  in  direct 
connection  with  the  specific  installation. 

b.  A  vulnerability  analysis  in  which  all  the 
components  of  the  installation  must  be  considered 
and  their  vulnerability  to  the  defined  threats  must 
be  estimated. 

c.  A  damage  analysis  in  which  the  expected  damages 
should  be  estimated  in  terms  of  damage  to  physical 
installations,  damage  to  ammunition,  disturbance  tc 
the  facilities'  normal  functioning,  and  injuries  to 
personnel  and  people  outside  the  installation. 


At  this  stage,  the  level  of  expected  risk  should  be  established  and  it 
should  be  concluded  whether  the  expected  risk  is  acceptable  or  not. 


If  the  level  of  expected  risk  is  acceptable,  no  further  action  will  be 
taken.  However,  if  the  expected  risk  is  unacceptable,  strengthening  of 
the  facility  against  conventional  weapons  attacks  is  required. 


COUNTERMEASURES  TO  REDUCE  DAMAGES  PROM 
CONVENTIONAL  WEAPONS  ATTACKS 


The  countermeasures  to  be  applied  against  conventional  weapons  attacks 
are  of  the  following  types: 

a.  Active  countermeasures— usually  by  human  actions. 

b.  Passive  countermeasures — usually  by  systems  and 
physical  measures  - 

c.  Post-attack— emergency  procedures. 

Speaking  as  architects/engineers,  our  main  contribution  is  in  the  field 
of  passive  countermeasures  in  the  hardening  of  the  installations  but  the 
implementation  of  all  the  other  countermeasures  should  also  be 
coordinated  by  the  A/E  design  team. 

OPTIMAL  DESIGN  OP  THE  PACILITY  BY  USING  THE 
COMPUTERIZED  SECURITY  ANALYSIS  (CSA) 


In  order  to  achieve  an  optimal  design  of  the  facility  to  withstand 
conventional  weapons  attacks,  we  have  developed  a  Computerized  Security 
Analysis  (CSA)  which  is  capable  of  the  following: 

a.  The  description  of  the  facility  as  an  input  to  the 
computer  code. 

b.  The  description  of  all  types  of  attacks,  weapons, 
and  explosive  devices  a.-*  inputs  to  the  computer 
code. 

c.  The  description  of  all  types  of  countermeasures  as 
inputs  to  the  computer  codes. 

d.  The  rnalysis  of  the  combined  effectiveness  of  the 
countermeasures  against  different  threat  scenarios. 

e.  The  definition  of  the  optimal  combination  of 
countermeasures  which  is  most  effective  in 
countering  a  defined  threat  scenario. 


f.  The  estimation  of  costs  of  the  countermeasures  and 
the  calculation  of  the  cost-effectiveness. 

g.  Repeating  the  above  until  reaching  the  optimal 
design  of  the  facility. 


The  types  of  countermeasures  considered  in  the  CSA  code  are: 


a.  Preventive  Countermeasures: 

e  general  such  as  dispersal ,  redundant  functions 
and  systems , 

•  access  control  measures, 

e  anti-intrusion  measures— intrusion  detection  and 
alarm  systems,  anti-intrusion  barriers, 

e  hardening  of  structures, 

e  surveillance  systems  and  personnel,  and 

e  indirect  measures  such  as  shielding,  camouflage, 
deceiving. 

b.  Response-to-the-Attack  Measures: 

e  direct  response  of  the  security  force,  and 

e  help  from  outside  organizations. 

c.  Post-Attack  Measures: 

•  emergency  measures  such  as  fire  fighting,  quick 
repairs,  medical  aid. 


The  Computerized  Security  Analysis  (CSA)  code  was  applied  to  actual 
projects  and  has  proved  to  be  a  useful  tool  which  aided  the  designers  in 
establishing  an  optimal,  balanced  set  of  countermeasures  against 
conventional  weapons  attacks. 
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OPTIMAL  DBSICM  OP  THE  STRUCTURES 
BY  US INC  THE  COMPUTERIZED  HARDENING  ANALYSIS  (CHA) 


In  order  to  achieve  an  optimal  design  for  hardened  structures  to 
withstand  conventional  weapons  attacks,  we  have  developed  a  Computerized 
Hardening  Analysis  (CHA)  which  is  capable  of  the  following: 


a.  The  description  of  the  different  structures  as  an 
input  to  the  computer  code. 

b.  The  description  of  all  types  of  attacks,  weapons, 
and  explosive  devices  as  inputs  to  the  computer 
code. 

c.  The  description  of  architectural  and  structural 
hardening  features  for  each  structure. 

d.  The  analysis  of  the  weapons/explosive  devices 
effects  on  the  structures. 

e.  The  estimation  of  the  expected  damages  to  the 
structures  and  their  contents. 

f.  The  estimation  of  the  costs  of  the  hardening 
measures. 

g.  The  estimation  of  the  cost-effectiveness  of  the 
hardening  measures. 

h.  Repeating  the  above  until  reaching  the  optimal  set 
of  hardening  measures. 


The  Computerized  Hardening  Analysis  (CHA)  code  was  applied  to  actual 
projects  and  has  proven  to  be  a  useful  tool  which  aided  the  designers  in 
establishing  an  optimal,  balanced  set  of  architectural  and  structural 
hardening  measures. 


MAIM  CHARACTERISTICS  OP  TOT  COMPUTERIZED  SECURITY  ANALYSIS  (CSA) 
AMD  COMPUTERIZED  HARDENING  ANALYSIS  (CHA> 

COMPUTER  CODES 


W«  would  like  to  stress  that  the  CSA  end  CHA  computer  codes  are  design 
tools  and  serve  as  help  to  the  designers  to  achieve  optimal  cost- 
effective  solutions. 

The  codes  were  developed  by  using  first-hand  knowledge  on  the  latest 
weapons  and  explosive  devices  used  in  conventional  weapons  attacks-. 

The  main  characteristic  of  the  CSA  and  CHA  computer  codes  is  that  the 
analysis  is  not  theoretical  but  is  based  cn  practical  experience  in  the 
fields  of  weapons  and  explosive  devices  effects  on  actual  structures,  as 
well  as  the  effectiveness  of  different  security  countermeasures  to 
actual  attacks. 

Practical  experience  gained  in  the  design  and  building  of  numerous 
hardened  ammunition  related  facilities  was  also  used  in  the  CSA  and  CHA 
computer  codes  development.  From  a  practical  point  of  view,  the  CSA  and 
CHA  codes  run  on  PC  computer  stations,  are  user-friendly,  *nd  provide 
outputs  in  formats  enabling  quick  decision  making. 

The  potential  use  of  the  CSA  and  CHA  computer  codes  is  as  follows: 

*  • 

a.  Optimal  design  of  new  installations. 

b.  Estimation  of  the  effectiveness  of  the 
security/hardening/protection  measures  in  existing 
installations. 

c.  Optimal  design  of  additional  strengthening  measures 
for  existing  installations. 
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CONCLUSION 


Th«  practical  experience  gained  in  the  last  18  years  in  designing  and 
building  hardened  structures  to  withstand  conventional  weapons  attacks 
was  applied  in  the  development  of  two  computer  codes  serving  as  design 
tools— the  Computerised  Security  Analysis  (CSA)  and  the  Computerised 
Hardening  Analysis  (CHA). 

These  proprietary  computer  codes  have  been  applied  to  actual  projects 
and  have  been  proven  as  very  helpful  in  the  achievement  of  optimal 
designs. 
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General. 

1.  After  world  war-II,  pyrotechnics  have  become  more 

of  science  than  the  medieval  Art.  'Pyro-Technology'  has  become 
a  specialised  subject  of  study.  The  Pyrotechnic  Indust r  y 
has  no  longer  remained  an  Empirical  one. 

1.1.  The  Pyrotechnic  Ammunitions  covered  in  this  Paper 
are  the  conventional  ones;  and  not  the  Pyro-devices  currently 
extensively  used  in  the  Aero-Space  Mission^ 

1.2.  ^Vhe  scope  of  discussion  in  this  paper  has  been 
restricted  to  the  Manufacture  of  one  of  the  main  constituents 
of  the  Pyrotechnic  Ammunition  -  The  ' Candle ' . 


1.3.  The  Candle  is  compressed  *rom  the  Pyrotechnic 

Compositions  -  either  Bare  with  proper  outer  lining  or  encomnassed 
into  a  metal  container  with  suitable  inner  lining/coating.  ‘The 
size  of  the  candle  depends  upon  the  calibre  of  the  Ammunition. 


1.4.  In  order  that  the  Risk-factors  and  their  severity 

are  properly  appreciated  the  various  processing  stages  in  the 
manufacture  of  the  candle  are  showruin  Table- 1  -  stage. I  and 
Stage-II. 

2.0.  Manufacture  of  Candle. 

The  manufacture  of  the  candle  involves  two  major 

stages. 

Stage. I.  Manufacture  of  Pyrotechnic  Composition. 
Stage-H  -  Consolidation  of  the  Composition  to 
form  the  candle. 
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2.1. 


Stage. I. 


The  manufacture  of  Pyrotechnic  composition  comprises 
of  the  following  steps :- 

i)  Storage  of  Ingredients, 

ii)  Preparation  of  Ingredients. 

iii)  Mixing  of  Ingredients  to  form  the  Pyrotechnic 
Composition. 

iv)  Interstage  storage  of  the  composition. 

2.1.1.  The  major  Ingredients  used  in  the  manufacture 

of  the  composition  are:- 


(1)  Fuels  Magnesium  Powder,  Aluminium  Powder,  Boron,  Zr. Nickel 
Alloy,  Lactose,  Starch. 


(2)  Binders.  Lithographic  Varnish,  Boiled  Linseed  Oil, Polyester 

Resin  system. 

(3)  Oxidants  Nitrates  of  Sodium, potassium,  Barium  chromate, 

Potassium  Chlorate,  Potassium  Perchlorate . 


(4)Moderants  Calcium  Oxalate,  Magnesium  Carbonate,  Mannitol, 
Inert  Liner-casting  materials  like  DPG,  MFD.Thiokol 
etc. 


(5)Color  Strontium  Oxalate,  Barium  Chlorate,  PVC  Powder. 

Intensifiers. 


2.2.  Stage-II. 

The  consolidation  or  the  Pressing  of  the  composition 
is  normally  carried  out  in  Oil-Hydraulic  Presses,  although  the 
recent  trend  is  for  Pneumatically  operated  Presses. 

The  Oil-Hydraulic  Presases  are  erected  inside 
the  specially  built  cubicles  whose  three  walls  are  R.C.C.  and 
the  rear  wall  is  a  brick-lined  wall.  There  is  an  entrance  door 
with  a  sight-window,  Hatchway,  control  panel  on  the  front  wall. 
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The  sequence  of  operation  of  these  presses  is  so  inter¬ 
linked  that  unless  the  Hatchway  door  and  the  entrance  door  are 
fully  closed,  the  Ram  of  the  Press  will  not  start  operating. 
Similarly,  after  the  pressing  operation  is  over,  the  Hatchway 
will  not  ODen  unless  the  Ram  reaches  its  upper  most  position. 
If  the  Entrance  door  is  kept  open,  the  pressing  operation  will 
not  start. 

3.0.  Accident-Prone  Risk-Factors. 


In  any  Industry,  particularly  the  one  in  which  large 
quantities  of  Hazardous  materials  are  handled,  it  is  just  impossible 
to  remove  every  risk  factor. 

Qualitatively,  one  can  achieve  the  little  more  safety 
by  providing  more  additive  protective  equipments.  But  then  a 
stage  is  reached  when  one  has  to  decide  how  far  to  go  in  removing 
such  Risks.  One  has  to  initially  identify  the  Risk-Factors  involved 
in  everry  process  which  are  likely  to  lead  accidents  or  'Near-Misses', 
and  attempt  to  minimise  their  probabilities. 


Figure  -  Methods  of  identifying  and  assessing  Risk  Factors. 
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One  method  of  identifying  Hazards  or  the  Risk-Factors 
is  the  Hazard  and  Operability  studies  or  'Hazops'.  The  Technique 
is  to  search  the  proposed  design  systematically  looking  for  every 
process  detail  and  the  integral  part  of  the  system  in  turn. 

The  step  for  identifying  the  problems  is  _ 

Possible  causes  -  Process  deviation  -  Possible 

consequences . 

In  order  that  all  the  possible  causes  are  properly 
identified  it  is  important  to  form  a  working  Task  Force  consisting 
of  members  with  wide  spread  of  knowledge,  expertise  and  adequate 
experience  so  that  all  the  aspects  of  the  study  are  fully  covered. 
The  search  for  the  causes  and  the  consequences  of  process  deviation 
must  be  carried  out  thoroughly  and  systematically,  looking  for 
every  eventuality  and  its  likely  effect.  This  becomes  all  the 
more  important  when  the  manufacture  of  the  ' Pyro-candle '  is  to 
be  studied. 


3.1.  The  various  Risk-Factors,  after  having  carried 

out  the  study  of  the  likely  process  deviations,  can  be  grouped 

as  under :- 

i)  Storage  of  Metallic  Powders/Resins/Chemicals, 

ii)  Energy  source, 

iii)  Release  of  materials, 

iv)  Process  stage, 

v)  Fire  and  Explosion  Risk. 

These  are  discussed  in  the  following  paragraphs :- 

3.1.1 .  Storage. 

It  will  be  seen  from  the  Tabie-I  that  the  various 
Ingredients  are  stored  at  three  main  places  - 

i)  Main  store  (ii)  Expense  store  inside  the  Explosive  Area  and 
(iii)  at  work  place  in  the  shop. 
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These  storages  and  the  movement  of  these  materials 
pose  Risk-factors  especially  when  - 

i)  their  correct  nomenclatures  along  with  their  popular  trade 
names  are  NOT  properly  indicated  on  the  containers. 

ii)  their  characte  istics  such  as  - 

-  Toxicity. 

-  Flammability. 

-  Incompatability  with  other  chemicals. 

-  their  Fire-Fighting  Classification. 

-  the  Protective  Equipment  to  be  used  for  their  Handling. 

-  Special  properties,  if  any. 

are  NOT  clearly  made  known  to  those  who  directly  handle  these 
materials. 

(iii)  the  special  precautions  for  the  disposal  of  spillages/rejected/ 
deteriorated  materials  are  NOT  available  to  the  shop  operatives. 
3.1.2.  Energy  Source. 

In  this  particular  study  the  finely  divided  metallic 
pov/ders  by  themselves  form  the  potential  energy  source. 

(i)  the  Electrical  -  (a)  an  electric  spark  attaining  temperature 
of  thousands  of  degrees  Celsius,  sufficient  to  ignite  dust  clouds, 
vapours. 

(b)  High  intensity  electrical  discharges  which  can  ignite  solid 
materials. 

(ii)  Hot  surfaces-  (a)  Electrical  motors  getting  hot  due  to  inade¬ 
quate  maintenance. 

(b)  the  drives:  which  are  likely  to  reach  temperatures  upto  250 
degree  centigrade  and  'orming  the  risk  factors  to  cause  ignition/ 
fire. 

(iii)  Friction  and  Impact  sources  - 

The  mechanical  rubbing  of  one  surface  on  another  can  cause  ignition 
especially  when  hazardous  materials  get  nipped  between  them 

-  one  of  the  major  risk  factor  during  pressing,  which  on  many 
occasions  is  a  ’Near-miss'  one. 
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The  accidental  fall  of  the  tools  on  the  sensitive 
materials/blended  ingredients  is  another  source  to  be  taken  note 
of.  This  can  lead  to  explosion. 

(iv)  Self  ignition  source  -  Almost  all  the  ingredients  used  in 

the  manufacture  of  the  candle  are  likely  to  ignite  if  heated 
sufficiently  in  air. 

3.1.3.  Release  of  Materials. 

During  the  transference  and  the  processing  stages, 
spillages  of  finely  divided  metallic  powders  Unsaturated  resins, 
the  mixed  compositions  on  the  shop  floor  cannot  be  avoided.  The 

do  pose  the  potential  Risk  factors  unless  these  are  frequently 

swept  not  allowed  to  accumulate,  and  are  solved  in  specified 
waste  receptacles  away  from  the  walking  areas. 

The  toxic  materials  may  also  get  Inadvertantly 

released  to  increase  the  toxicity  of  the  surrounding  atmosphere 

beyond  permissible  limits.  This  may  affect  the  Personnel  working 
in  that  area  and  may  lead  to  'Near-misses'  if  not  accidental 

situations. 

3.1.4.  Process  Stage. 

During  the  preparation  of  the  Ingredients  and  the  mixing  operations 
all  the  ingred Lents/chemicals  in  the  finely  divided  state  arc 
exposed  in  open  containers  in  the  working  buildings. 

These  powders  settle  down  in  various  places  such 

as  (i)  the  overhead  A. C. Ductings  (ii)  the  window  sills  (iii) 
the  corners  and  sharp  edges  in  the  buildings  (iv)  the  working 
tables  and  (v)  the  floorings.  These  fine  floatingpowders  would 
coalesce  to  form  dust  clouds.  These,  naturally,  pose  potential 

Risk-Factor. 

If  there  are  sudden  changes  in  the  temperature 
and  humidity  conditions  e.g.  the  failure  of  Air-conditioning., 
the  conditions  in  the  working  place  would  suddenly  change  -  the 
temperatures  would  shoot  up,  the  air  may  get  too  dry.  Such  changes 
are  likely  to  be  accidental  in  the  summer  of  the  Tropics. 


During  the  pressing  operations,  if  the  pressure 

gauge  on  the  presses  did  not  record  correct  loads,  the  chances 
of  excessive  loads  on  the  compositions  cannot  be  ruled  out.  The 
compositions  could  get  over  heated  and  may  blow' out*.  The  priming 
compositions  which  are  normally  more  sensitive  would  add  to  such 
potential  risk. 

Most  of  the  candles  are  now-  a- days  matured/cured 

in  heating  cup-boards.  In  such  cases,  there  is  likelihood,  that 

(i)  there  can  be  instrumentation  failure  controlling  temperature 
and  this  can  lead  to  overheating  of  the  candles  (ii)  there  are 
chances  of  the  formation  of  local  hot  spots  (probably  due  to 

improper  un-uniform  consolidation)  which  again  can  pose  risks 
of  spontaneous  ignition,  at  times  leading  to  explosion  of  the 
bulk  candles. 

3.1.5.  Fire  &  Explosion  Risk. 

It  would  be  natural  to  take  the  normal  precautions 
of  Fire  fighting.  However, in  addition,  the  following  have  also 
to  be  taken  care  of,  to  avoid'near-miss'  explosive  situations 

-  Undue  exposure  of  flammable  materials  to  Dery 
atmospheres. 

-  Solar  Radiation  effect  on  sensitive  chemicals/ 
mixed  ingredients  and/or  compositions. 

-  Oily  cotton  waste/rags, left  over  wastes  of  Paints/ 
varnishes  adjacent  to  the  working  buildings 
due  to  the  release  of  Exothermic  heat. 

4.0.  Preventive  Measures. 

Apex  bodies  of  Experts  comprising  of  members  with 
wide  spread  of  knowledge,  long  experience  to  their  credit  and 
expertise  from  the  various  speciaMsed  disciplines  have  carefully 
investigated  the  various  Risk-factors  and  accidents  and  even 
the  'near  misses'  arising  out  of  them  over  a  period  of  more  than 
three  decades  and  have  arrived  at  rationalised  preventive  measures 
for  implementation. 
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These  measures,  of  course,  cannot  be  considered 
the  panacea  for  all  the  situations;  and  it  cannot  be  assured 
that  the  implementation  of  the  proposed  preventive  measures  would 
eliminate  ail  the  accidental  situations  and  accident  will  not 
take  place. 

4.1.  The  various  preventive  measures  proposed  can  be  grouped 
under  the  following  major  heads 

i)  Buildings  and  their  construction, 

ii)  Working  conditions  in  the  storage  areas, 

iii)  Working  conditions  in  the  process  buildings, 

iv)  Preventive  maintenance, 

v)  Safety  of  Personnel. 

4.1.1.  Buildings  and  their  construction. 

In  addition  to  the  normal  norms  for  the  safe  and 
sturdy  construction  of  the  Buildings  the  following  special  factors 
have  to  be  taken  into  consideration  especially  from  the  safety 
point  of  view:- 

(i)  Compile  the  assessment  sheets  for  the  storage  of  various 
ingredients. 

(ii)  Identify  clearly  the  type  of  explosives/compositions  to 
be  handled/processed  in  the  specified  buildings. 

(iii)  Provide  Blast  wall  protection  or  suitable  traveses  where 
necessary. 

(iv) Provide  a  weak  rear  wall  for  the  cubicles  and  even  for  the 
small  bays  where  mixing,  and/or  pressing  operations  are  carried 
out;  and  also  to  the  Expense  store  houses. 

(v)  Provide  conducting  media/ flooring  to  the  Process  Buildings 
and  store  houses. 

(vi) Provide  lightning  arrestors  on  the  buildings  and  personnel 
tester  at  the  entrance  of  the  buildings. 

4.1 .2. Storage  conditions. 

(i)  Properly  identify  the  various  ingredients.  Ensure  that  proper 
lables  are  affixed  to  their  containers. 

(ii)  Take  care  to  see  that  Incompatible  ingredients  are  NOT  stored 
at  one  and  the  same  place.  The  details  in  this  regard  are  fully 
made  known  to  the  operatives  handling  these. 
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(iii)  Ensure  that  proper  ventilations  have  been  provided  to  these 
buildings*,  and  also  that  adequate  interspace  is  provided  in  between 
the  stacks. 

(iv)  Ensure  that  the  Temperature  and  humiditv  controls  are 
implemented  proper.^  periodically  monitored  and  records  for  such 
checks  maintained. 

(v)  Display  prominently  the  classification  of  the  contents  in 
the  storage  buildings. 

(vi)  Provide  proper  fire  fighting  appliances  in  the.  vicinity 
of  these  buildings  at  the  optimum  distances;  easily  accessible 
to  face  emergencies. 

(vii)  Ensure  that  the  unheading  of  the  bulk  packages  is  NOT  carried 
out  in  the  store  houses/expenses  stores.  Provide  a  separate  annexe 
(small  room/cubicle)  with  proper  protective  measures  forn  this 
operation¬ 
al  ii)  Ensure  good  housekeeping. 

4.1.3.  Working  conditions  in  the  Process  Buildings. 

A.  Minimise  dust  accunulations : 

i)  Provide  sloping  sills  in  the  structures, 

ii)  Keep  the  area  of  filters  on  the  return  air  on  the  AC 
system  to  its  optimum. 

iii)  Provide  dust  extraction  units  at  the  operational  points 
where  the  djst  formation  is  inescapable. 

(iv)  Maintain  high  dust  velocities  so  as  to  avoid  the  settling 
of  dusts. 

(v)  Clean  the  AC  ducts/the  filters  carefully  and  with  specified 
frequencies . 

B.  Control  Operating  Conditions. 

i)  Maintain  optimum  humidity  conditions  as  per  the  process 
requirements. 

ii)  Ensure  that  the  dry-bulbs  temperature  inside  the  working 
place  does  not  exceed  30  degree  centigrade, 

iii)  Avoid  over-drying  of  the  process  area. 

iv)  Where  exothermic  reactions  are  known  to  take  place,  spread 
out  the  compositions  in  trays  in  this  layers  for  maturation 
to  avoid  hot  spots. 
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v)  From  the  safety  aspect  carry  out  most  of  the  operations 
behind  the  shields  and  the  barricades, 

vi)  Check  up  the  machines  for  absence  of  static  charge  by 

testing  with  the  static  charge  detector  especially  those 
where  metallic  powders/chemicals  are  ground  and  sieved, 

vii)  Do  not  pour  bulk  of  the  compositions  sudenly  into  the 
hopper.  There  ace  chances  of  the  development  of  static 
charge  on  the  particles. 

viii)  Check  up  the  condition  of  the  tools  -  the  moulds  and 

the  drifts  for  their  close  tolerances;  for.  their  physical 
condition  and  also  *or  their  life, 

ix)  Use  brass  hammers (  and  not  steel  hammers)  for  releasing 

the  drifts  which  occasionally  get  jammed  into  the  moulds. 

C.  Eliminate  Ignition  Sources. 

i)  Watch  out  for  hot  surfaces  like  Motors,  Drives,  heating 

coils  and  lights. 

ii)  Be  alert  to  friction  and  impact  sources  especially  (a) 
during  the  preparation  of  ingredients  and  (b)  during 
the  pressing  operations, 

iii)  Avoid  the  nipping  of  the  compositions. 

iv)  Ground  all  the  metal  containers,  the  flooring  and  even 
the  Personnel  to  avoid  the  likelihood  of  generation  of 
static  charge. 

D.  Practice  Good  House-Keeping. 

i)  Ensure  that  the  overhead  AC  ductings,  the  window  sills 
are  always  kept  clean. 

ii)  Remove  tne  dust  as  often  as  possible.  Use  plain  brooms 
to  sweep  off  the  dust. 

iii)  Keep  the  sloping  surfaces  in  the  structures  clean, 

iv)  Keep  the  quantum  of  Toxic  materials  in  the  process  building 
to  the  bare  minimum. 

v)  Bring  inside  the  pressing  room  quantities  of  explosives/ 
compositions  sufficient  for  approx.  3  hours. 


vi)  Avoid  accumulations  of  Oily  waste,  waste  cotton,  waste 
compositions/sweepings . 

vii)  Earmark  specific  areas  for  storage  of  such  wastes  suffici¬ 
ently  away  from  the  bulk  compositions, 

viii)  Arrange  for  the  disposal  of  wastes  as  often  as  possible. 
4.1.4.  Preventive  Maintenance. 

It  is  important  that  all  the  machines,  the  equipments;  the 
Instruments  are  properly  periodically  checked  before  any  operation/ 
processing  stage  is  undertaken  on  them.  This  is  essential  so 
as  to  minimise  the  avoidable  Risk  factors  and  'near-miss'  acciden¬ 
tal  situations. 

The  following  are  some  of  the  important  points  that  need 
be  checked :- 

i)  Rigidity  of  the  couplings/ joints. 

ii)  No  leakages  through  the  Pipe  joints. 

iii)  Proper  periodical  greasing  of  the  nipples  and  ensuring  that 
they  are  not  dry. 

iv)  Oil  levels  in  the  oil  tanks  of  the  power  pack  of  the  presses 
are  proper  -  topped  up  when  necessary. 

v)  Free  rotation  of  the  Drives  manually  without  any  abnormalities. 

vi)  Smooth  and  free  movement  of  the  Ram  without  jerks. 

vii)  Correct  recordings  on  the  pressure  -gauges-  against  the  stati- 
meter  readings. 

viii)  Smooth  and  normal  functioning  -  fail-safe  of  the  complete 
operational  cycle  on  the  press  without  any  failure  in  the 
interlocks  of  the  systems. 

This  is  most  important  and  should  invariably  be  undertaken 
as  a  blank  run  before  actual  operations  are  carried  out. 

ix)  The  mixing  machinery  is  checked  for  its  cleanliness,  free 
from  foreign  matters. 

x)  The  Remote  control  system  for  these  machines  is  free  from 
defects. 


5.0. Safe tv  of  Personnel. 

The  safety  of  the  Personnel  is  by  itself  a  subject  which 
can  be  dealt  as  a  specialised  paper. 

The  paramount  importance  of  the  safety  all  the  personnel 
either  directly  connected  with  the  production  activities  or  are 
the  supporting  personnel  in  the  neighbourhood  of  the  Explosive 
area  needs  no  special  emphasis, 
it 


(i)  At  the  outset  it  is  imperative  on  the  part  of  the  employer 
to  provide  the  protective  clothing  and  equipments  suiting  the 
particular  operation  to  the  operatives  working  on  them. 

(ii)  The  employer  organises  in  his  works  the  'Safety  Department' 
independent  of  other  departments. 

(iii)  This  Department  formulates  a  comorehensive  safety  policy, 
and  ensures  that  this  Policy  is  implemented  at  all  levels  through 
out  the  organisation. 

(iv)  This  department  is  headed  by  a  'Safety  Manager'  -  directly 
reporting  to  the  Top  Executive  -  who  is  competent  enough  to  interpret 
the  various  safety  legislations;  is  aole  to  advice  on  Safety 
matters  to  all  the  other  departmental  heads;  is  able  to  train 
the  employees  in  implementing  the  preventive  measures  by  persuasive 
methods  impressing  on  them  the  consequences  of  not  following 
these  measures. 

(v)  This  department  does  not  only  ensure  that  the  existing  safety 

systems  and  the  incorporated  built-in  safety  procedures  are  monitored 

» 

but  also  carries  out  indepth  study  of  these  systems  and  prepare 
'/ail-safe'  procedures  in  these  system. 

(vi)  This  department  causes  check  on  safety,  preventive  maintenance 
of  plants  and  machinery  and  reports"  deficiencies  observed  directly 
to  the  Top  Executive  for  his  information  and  directing  the  corrective 
measures  to  the  concerned  departmental  Heads. 

(vii)  The  last  but  not  the  least  important  responsibility  of 
the  Employer  is  that  he  must  discuss  safety  matters  with  the 
same  importance  as  the  Production  and  the  productivity  matters 
at  every  level  •.  He  encourages  valuable  suggestions  in  safety 
matters  from  the  subordinates  at  all  levels. 


5.2.  Responsibility  of  the  Ewolovee. 

The  employer,  on  his  part,  will  ensure  that  all  the  statutory 
regulations,  approved  safety  policy  are  fulfilled  and  the  legal 
aspects  well  looked  after. 

It  will  be  the  primary  responsibility  of  the  employee  to 
implement  the  preventive  measures;  to  adopt  all  the  safe  practices; 
avoid  any  deviations  from  them,  not  only  for  one's  own  personal 
safety  but  the  safety  of  his  to- workers  also. 

He  should  ensure  that  - 

(i)  He  is  fully  knowledgeable  in  regard  to  safety  precautions 
to  be  followed  by  him  for  the  operation  he  is  undertaking  and 
also  is  aware  of  the  special  dangers  to  be  avoided. 

(ii)  He  does  not  allow,  either  by  himself  or  by  others,  any  flame 
producing  devices  such  as  matches,  lighters  etc.  in  the  sensitive 
areas . 

(iii)  None  of  them  is  under  the  influence  of  liquor  or  narcotics 
during  the  working  hours  at  the  work  place. 

(iv)  He  is  fully  alert  to  all  the  fire  risk  situations  and  takes 
prompt  action  during  such  emergent/dangerous  situations  to  avoid 
service  accidents. 

5.2.1.  It  is  pertinent  to  add  that  the  employee;  .,  if  he  is  alert, 
normally  gets  a  first  warning  of  the  impending  dangerous  situations 
another  if  he  is  smart  enough,  properly  trained,  his  prompt  reflex 
actions  in  the  first  few  minutes  can,  in  most  of  the  situations, 
play  an  important  role  in  saving  material  losses  as  well  as  the 
injury  to  the  personnel. 

6.0.  Case  Studies. 

The^e  have  been  a  few  Accidents  practically  exoerienced  during 

-  a.  •  .* 

the  past  two  decades  and  more,  and  quite  a  'Near-»iss  situations. 
A  few  important  of  them  are  discussed  here. 

6.1.  Unusual  flash  over  from  Electrical  Circuit. 

It  had  rained  heavily  in  the  forenoon  of  the  particular 
day.  The  work  was  required  to  be  suspended  due  to  non-standard 
conditions  of  Temperature  and  Humidity  in  the  working  rooms. 
In  the  afternoon  when  the  working  conditions  became  satisfactory 
to  start  ths  work  ^  the  coating  of  Magnesium  Powder  with  paraffin 
wax  was  to  be  commenced.  „In.. .order  to  melt  the  wax  the  operator 
put  the  switch  of  the  electrically  heated  table  'ON'  when  there 
was  a  sudden  flash  from  the  conduit. 
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The  alert  operator  immediately  put  'off'  the  switch  and 
reported  the  incident  to  his  superior. 

When  the  situation  was  examined  it  was  noticed  that  there 
was  a  minor  crack  developed  from  the  wall-side  of  the  conduit 
which  had  gone  unnoticed;  that  there  was  a  slight  seepage  of 
the  rain  water  through  this  crack;  that  a  very  •  little  portion 

of  the  sheath  of  the  inside  wire  had  become  bare  with  the  result 
that  when  the  switch  was  put  'ON'  the  fine  powder  deposited  on 
the  conduit  burnt  with  a  white  flash. 

In  order  to  avoid  such  conditions  subsequently  the  use  at 
the  electrically  heated  table  in  the  working  area  was  suspended. 

The  melting  of  wax  was  taken  up  in  steam  jacketted  vessel,  the 

wax  in  molten  condition  was  brought  for  the  necessary  coating 

operation. 

6. 2. Defective  Tools. 

In  one  of  the  processing  cubicles  there  was  a  loud  'bang' 
during  the  pressing  of  the  composition.  The  ram  was  damaged, 
the  mould  broke  into  pieces.  There  was,,  however,  no  damage  outside 
the  cubicle  to  the  ’  Hatchway  door  and  the  entrance  door.  • 

On  examination  of  the  sets  of  tools  in  use  for  the  pressing 
of  this  type  of  sensitive  composition,  it  was  noticed  that  these 
had  been  in  use  'or  much  more  than  the  specified  pressings.  Since 
the  fresh  sets  of  tools  were  not  immediately  available,  and  there 
was  the  exigency  of  work,  the  operators  were  using  these  old 
tools  to  complete  their  aays  target.  Nothing  had  gone  wrong  with 
the  use  of  these  tools  for  nearly  200  pressings  on  the  particular 
day  before  the  incident. 

It  was  recommended  that  the  Works  Inspection  staff  must 
check  the  tools  everyday  before  the  pressing  operations  are  taken 
up, reject  such  of  those  which  did  not  satisfy  the  quality  parameter 
and  must  ensure  that  these  are  removed  from  the  working  area 
duly  stamping  the  'reject'  stamps  on  them. 


6.3.  Use  of  wrom  containers  far  couosltlons. 

The  'interstage  transport  of  the  composition  from  the  Expense 
store  to  the  filling  bay  inside  a  container  with  a  conical  month 
was  in  vogue  fox  quite  a  long  period.  Since  nothing  serious  had 
taken  place  the  use  of  such  container  was  not  seriously  taken 
note  of  for  replacement  by  other  improved  container . 

On  one  fateful  day,  it  happened  that  the  composition  freshly 
prepared  and  stored  in  this  type  of  cobntainer(most  likely  not 
fully  watered)  was  being  transferred  when  there  was  some  hissing 
sound  from  inside  the  container.  This  scared  the  operator.  As 
the  excessive  heat  had  developed  inside  the  container,  the  composi¬ 
tion  caught  fi^e,  and  the  operator  dropped  the  container  from 
his  hand.  This  resulted  in  a  loud  bang  and  fatal  injuries  to 
the  Operator. 

On  careful  study  it  was  realised  that  the  conical  shape 
had  acted  as  a  shell,  burnt  the  container  causing  the  explosion, 
shattering  the  container  leading  to  the  fatal  injury. 

The  Court  of  Enquiry  found  fault  - 
(i)  with  the  lack  in  monitoring  system  and  (ii)  with  the  use 
of  these  wrong  type  of  container  for  such  sensitive  compositions. 

6. A.  UNdue  delay  in  disposal. 

One  batch  of  mixed  composition  was  noticed  to  have  been 
wrongly  mixed  and  rejected.  The  batch  was  immediately  emptied 
into  small  containers  and  stored  at  a  demarcated  place  away  from 
the  other  compositions. 

Uue  to  oversight,  this  batch  was  left  undisposed  for  a  couple 
of  days  when  one  night  shift  there  was  a  loud  'bang'  from  one 
of  these  containers  which  threw  the  adjacent  containers  helter-shelter. 
There  was  a  slight  damage  to  the  window  frame  and  partly  to  the 
adjacent  door  frame. 

Even  when  this  composition  was  taken  to  destructor  ground 
for  disposal  and  lighted,  quite  a  few  slivers  were  also  thrown 
' out ' . 
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It  was  noted  during  the  enquiry  that  the  Operator,  knowing 
that  there  was  some  mistake  in  the  preparation  of  the  batch  had 
just  emptied  out  tha  same  without  putting  it  for  proper  curing, 
with  the  result  that  there  was  formation  of  hot  spots  over  a 
period  which  then  caused  spontaneous  ignition  of  the  contents 
leading  to  the  ’bang*  -In  the  case  of  other  containers  the  composi¬ 
tion  had  got  hardened  and  hence  some  slivers  at  the  destructor 
ground. 

It  was  recommended  that  any  batejh  of  composition,  once 
taken  up  for  mixing,  should  be  finished  in  the  normal  manner  even  if  it 
is  known  not  to  have  met  the  specified  parameters  and  disposed 
without  any  undue  delay. 

7.0.  CONCLUSION. 

In  conclusion,  remember  the  following  golden  rules :- 

(i)  For  the  employer. 

(a)  Remember  that  'safety'  is  not  a  factor  that  can  be  delegated. 

(b)  Conduct  regular  Training  Programmes  for  the  Supervisory 
Staff  and  the  Skilled  Craftsmen  to  impart  the  important  characteri¬ 
stics  of  all  the  ingredients  and  safe  working  practices  in  handling 
the  same. 

(c)  Conduct  Fire  fighting  training  programme  and  periodical 
fire  practices  to  educate  the  employees  to  be  alert  to  such 
situations. 

(ii)  For  the  employees. 

(a)  Do  not  under-estimate  the  Fire-risks  accompanied  with  the 
processing  of  Pyrotechnic  Ingredients  and  compositions. 

(b)  Be  alert  to  dangerous  situations  likely  to  arise  out  ofn 
either  the  potential  or  actual  hazard. 

(c)  Always  handle  Toxic  materials  and  the  mixed  Compositions 
in  small  quantities  to  minimise  the  Risk-factors. 

(d)  Observe  all  the  established  safe  practices  laid  down  for 
the  Processing,  Handling,  Storage  and  Disposal,  keeping  in  mind 
the  special  precautions,  and  also  special  dangers  to  be  avoided, 
and  last  but  not  the  least: 

(e)  Remember  that  'Good  House-keeping'  is  the  key  word  for  safe 
practices. 
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UTftEHB  HEAT  PROTfCTXOH 

for 

PTSOTECMIG  NMUH8  OP  N|  PLASH 
finnlel  R.  Isrrioti  Dr-  0.  E.  Davenport,  Olen  Raison 

1.  IHYftGHICttffli 

DactuM  many  sIarm  in  tho  production  of  infrared  decoy 

floras  (Kg/PTF3)  require  that  tho  production  workers  oporoto  don  to 

many  pounds  of  tho  flora  notorial  in  both  tho  ironulotod  and  prossod 

states,  it  is  required  that  tho  worker*  wear  fire  suit  typo  of  protection 

at  several  states  of  the  process.  Although  tho  chetsical  reaction  of  an 

accidental  ignition  of  this  notarial  does  not  generate  largo  volunoa  of 

gas,  no  that  blast  Is  not  a  primary  hazard ,  the  heat  of  the  reaction  ia 

above  400C°F  and  the  afterburning  of  the  excess  aagneslun  vapor  in  air 

0 

can  generate  plow*  tenperatures  of  over  5000  . 

This  naans  that  the  major  hazard  is  from  the  thermal 
radiation  accoapanying  such  high  tenperatures  which  is  intense  enough  to 
ignite  materials  many  feet  away.  Because  the  thenaal  pulse  is  relatively 
short  (e  few  records),  the  hazard  is  quite  different  froa  that  faced  by 
the  firemen  or  the  steel  mill  worker  for  whom  most  suits  were  designed. 

Furthermore,  the  worker  has  to  perform  many  tasks  where 
the  stiffness,  bulk  e*,d  weight  of  the  conventional  fire  suit  make  it  very 
difficult  for  the  worker  to  accomplish  his  task.  If  the  exposure  of  e 
task  requiring  the  use  of  e  fire  suit  is  relatively  short,  the  worker  may 
even  be  teapted  to  skip  dressing  properly  in  such  a  cumbersome  outfit  and 
thus  subject  hinsalf  to  unnecessary  hazard. 

For  all  of  these  reasons,  Trecor  NBA  end  Star  Glove  and 
Safety  Products  Corporation  set  .bout  looking  at  improved  fire  suit 
designs  which  were  directed  toward  solving  the  pyrotechnic  operator's 
safety  problems.  The  pyrotechnic  testing  was  carried  out  by  Tracer  KBA 
while  the  material  design  and  samples  were  furnished  by  Glen  Kelson  of 
Star  Glove . 
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Furthermore,  sine*  we  had  no  quantltatlva  data  on  how 
available  suit  materials  performed  in  such  an  environment,  we  fathered 
•amp lea  from  several  present  fire  suit  suppliers  which  could  be  subjected 
to  a  standard  test  to  yield  comparative  data  and  guide  cur  development 

tests. 

2.  The  Test  Environment 

The  first  task  was  to  select  a  test  environment  that 
simulated  the  type  of  hasard  we  were  interested  in  and  at  a  level  at 
Which  tie  could  gather  data  showing  the  relative  performance  of  various 
materials . 


We  chose  as  a  baseline  a  magnesium/ PTFt  (polytetraf luoro- 
• thy lane)  pellet  mounted  in  an  open,  steel  lined  box,  with  the  fire  suit 
sample  mounted  et  one  open  side  et  e  distance  of  12”  from  the  flare 
pellet  (See  Figure  1). 

The  sample  was  s  6”  x  8”  rectangle  of  meterlel  held  firmly 
between  steel  jaws  in  a  holder  mounted  on  e  retractor  bench.  In  the 
initial  tests,  some  of  the  samples  were  withdrawn  along  the  bench  after  e 
one-second  exposure  to  simulate  e  worker  retreating.  It  waa  found, 
however,  that  a  stationary  saapla  using  a  smaller  pellet  gave  more 
reproducible  results,  so  fixad  samples  were  used  in  ell  of  the  later 
tests. 


Two  pellet  sices  were  tried,  e  500  gram  pellet  end  e  100 
gram  pellet  each  of  which  burned  in  4  to  6  seconds.  The  plus*'  from  the 
larger  pellet  enveloped  end  destroyed  many  of  the  sasples  so  completely 
that  quantitative  evaluation  was  difficult,  so  most  of  the  the  tests  were 
carried  out  with  the  100  gram  pellets. 

The  initial  teats  were  all  carried  out  out-of-doors  but , 
because  even  smell  brasses  seem  to  cause  the  date  to  scatter,  the  final 
test  series  was  carried  out  in  a  closed  building  with  just  an  exhaust  fan 
providing  a  controlled,  gentle  air  movement  to  sweep  away  the  smoke. 
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FIGURE  1A 

EXPERIMENT  ARRANGEMENT 
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Id.  100  GF.AM  TEST  1e.  500  GRAM  TEST 


».  Thu  Utirlili  Tasted 


Hm  mllabit  fir*  suit  Mkwiili  which  were  included  in 
the  test  are  shown  in  T*bl*  I. 

4.  Comparison  of  Tost  Invlronmanls 

To  obtain  *  comparison  of  tha  severltj  of  th*  availabl* 
tost  environments,  a  single  type  of  firo  suit  sample  (  moon1*  Pyrastoel) 
was  run  with  all  three  environments: 

100s  pallet  with  fixed  aemple  t  12" 

100s  pellet  with  sample  retracted  after  1  sec 

SOOg  pellet  with  sample  retracted  after  1  sec 

The  data  for  these  tests  are  shown  in  Figure  2. 

Th*  100  grass  pellet  with  th*  sample  retracted  after  one 
second  gave  only  a  35°F  temperature  rise  while  the  590  gram  pellet  with 
sample  retraction  gave  about  250°  teaaperature  rise  before  the 
thermocouple  detached  from  the  sample.  The  fixed  sample  with  th*  100 
gram  pellet  would  appear  to  give  soas*  intermediate  value  but  the 
thermocouple  shorted  out  after  about  three  seconds  so  a  complete  trace 
was  not  obtained. 

Although  this  data  is  sketchy  at  best,  when  combined  with 
the  photos  of  Figure  1  which  showed  the  extended  fireball  of  tha  500  gram 
flaure,  we  concluded  that  tha  best  basis  for  comparison  would  be  the  fixed 
sample  with  the  100  gram  pellet.  This  would  five  a  response  which  waus 
great  enough  to  sake  coaparlsona  baaed  on  thermocouple  response  yet 
moderate  enough  not  to  coaspletaly  destroy  the  sample. 
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TABLE  I  -  FIRE  SUIT  TEST  MATERIALS 


1 

fH 


PBI  Glass  Felt  Star  Glove  12  oz/yd  3/16"  thick  50/50  blend  of  PBI 

and  B  glass 


FIGURE  2 

COMPARISON  OF  ENVIRONMENTS 


5.  First  Test  Series 


A.  500  Gram  Tests 


Additional  tests  were  carried  out  with  the  500  gram 
pellets  (with  sample  removal  after  one  second)  just  for  information  and 
they  are  given  in  Figure  3.  The  samples  used  were  the  Encon  which  had  no 
felt  backing,  the  Protex  III  which  is  designed  as  a  backing  felt,  and 
three  aluminum  coated  fabrics  which  had  felt  backings. 

These  tests  confirm  that  with  a  felt  backing,  this 
scenario  gives  fairly  modest  peak  temperatures,  but  because  of  the 
variability  in  the  shape  of  the  plume  produced  by  the  mild  breezes,  the 
quantitative  results  were  regarded  as  suspect.  In  the  case  of  the  two 
Fyrepel  fabrics,  the  aluminum  coatings  were  not  even  scorched  which 
indicated  that  the  plume  did  not  expand  as  rapidly  toward  the  sample  as 
in  the  other  cases.  This  again  indicates  that  this  scenario  is  too 
non-reproducible  to  use  for  sample  comparison  or  evaluation. 

B.  100  Gram  Tests 


Figure  4  shows  the  results  of  the  tests  with  the  fixed 
sample  with  the  100  gram  pellets.  Again  the  samples  without  felt  backing 
showed  very  rapid  temperature  rises,  whereas  the  samples  with  a  felt 
backing  showed  quite  tolerable  temperature  rises  with  the  Fyrepel 
materials  being  best.  Since  neither  the  Protex  III  or  Star  Glove 
material  were  aluminum  coated,  the  tests  suggest  the  importance  of  an 
aluminum  coating  in  reducing  the  radiation  input  when  dealing  with  such 
high  temperature  inputs.  In  the  Fyrepel  2  test,  the  movies  indicate  that 
the  100  gram  pellet  came  loose  and  moved  toward  the  sample  in  the  middle 
of  the  burn.  This  probably  accounts  for  its  relatively  high  temperature 
compared  to  the  values  seon  with  the  other  two  Fyrepel  fables. 
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ENCON 


FIGURE  3 

500  GRAM  PELLET  W/WITHDRAWAL  OF  SAMPLE 


FIGURE  4 

100  GRAM  PELLET  WITH  FIXED  SAMPLE  AT  12  INCHES 


5.  Importance  of  Aluminized  Coating  -  Second  Test  Series 


In  order  to  gather  further  information  on  the  importance 
of  the  aluminized  coating  for  this  scenario  in  Which  the  fabric  is  not 
directly  in  the  flame,  we  looked  at  further  combinations.  Since  we  were 
interested  in  as  light  and  comfortable  a  suit  as  possible,  we  used  the 
PBI  material  in  both  knit  and  felt  forms.  The  results  are  shown  in 
Figure  5. 


If  one  compares  the  results  of  using  only  the  lightweight 
PBI  knit  material,  with  and  without  the  aluminized  coating,  it  is  seen 
that  both  give  very  fast  temperature  rises  which  reach  unacceptable 
temperature  levels . 

When  one  backs  the  aluminized  knit  with  another  knit 
layer,  the  temperature  rise  becomes  much  slower  and  reaches  tolerable 
levels.  When  the  aluminized  knit  is  backed  by  the  PBI  felt,  the 
temperature  rise  is  almost  trivial  and  compares  favorably  with  the  best 
of  the  Fyrepel  results  obtained  previously. 

In  this  test  we  also  exposed  one  of  the  Star  Glove  gloves 
which  has  no  aluminized  coating  but  does  have  the  PBI  felt  backing.  In 
this  case  the  thermocouple  was  mounted  inside  the  glove  in  the  palm  which 
was  located  about  where  the  other  samples  were  mounted.  The  temperature 
rise  can  be  compared  to  that  obtained  with  the  aluminized  knit  with  the 
felt  backing  and  one  sees  the  significantly  greater  temperature  rise  one 
gets  without  the  aluminum  coating.  The  glove  results  are  comparable  to 
those  one  gets  when  backing  an  aluminized  knit  with  only  a  knit. 

When  these  results  are  compared  with  the  previous  Star 
Glove  data  with  non-alumlnised  materials,  one  can  see  the  importance  of 
an  aluminized  coating,  when  the  hazard  is  largely  a  radiative  source. 
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TIME  (SECONDS) 

FIGURES 

TESTS  OF  ALUMINIZED  KNIT  EFFECTIVENESS 


«.  th»  Batian 


At  this  «Ute  w  felt  m  had  a  qualitative  feal  for  tha 
performance  parameters  and  naadad  to  gat  store  quantitative  data  in  order 
to  select  an  optimum  design.  The  test  setup  was  moved  indoors  in  order 
to  obtain  batter  reproducibility.  Tha  important  design  parameters 
considered  for  optimisation  were  a)  protection,  b)  comfort,  and  c)  cost. 
The  PBI  seemed  to  give  the  best  protection  and  comfort  but  was  the  most 
expensive  of  the  materials.  Therefore  it  was  decided  to  test  various 
felts  with  the  aluminised  PBI  knit  to  establish  the  level  of  protection 
that  could  be  achieved. 

e 

Figure  6  shows  the  results  using  PBI,  fiberglass  and 
Kevlar  felts  behind  the  aluminised  PBI  knit.  Note  in  this  case  the 
actual  temperatures  are  plotted  instead  of  the  temperature  increases. 
Although  the  data  is  not  complete  since  the  thermocouples  detached  from 
the  fabrics  about  200°F,  it  is  seen  PBI  is  clearly  best  with  Kevlar 
knit  second  and  fiberglass  probably  rot  acceptable. 

In  the  fourth  case  we  attempted  to  use  an  aluminised 
Kevlar  knit  as  the  protection  for  the  fiberglass  felt  and  found  that  the 
Kevlar  burned  from  the  intense  radiation  and  gave  temperatures  of  about 
300°F.  Thic  indicates  the  intense  nature  of  the  radiation  field  end 
why  materials  such  as  PBI  ere  useful  in  this  application. 

At  this  stage  of  the  test  it  was  suggested  that  we 
consider  a  second  aluminised  layer  in  case  the  heat  transfer  from  the 
front  aluminised  knit  layer  to  the  second  layer  was  predominantly 
radiation  since  contact  between  the  layers  was  random  at  best.  The 
results  ere  shown  In  Figure  7. 
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FIGURE  6 

COMPARISON  OF  VARIOUS  FELTS 


The  temperature  scale  in  this  greph  he*  been  expended  to 

Mike  it  eesier  to  treed  the  results.  A  single  aluminised  layer  over 

flberglesw  with  e  knit  becking  wee  rerun  for  comparison  and  appears  as 

0 

the  steepest  curve  rising  above  200  F.  (Rote  agein  these  are  Measured 

0 

temperatures  with  a  base  temperature  of  00  F.)  The  two  curves  for  a 
single  elustinised  FBI  knit  in  front  of  FBI  felt  were  transferred  from  the 
previous  curve  for  comparison.  Titan  three  saaplee  were  run  with  an 
aluminised  FBI  knit  backed  by  an  elustinised  Kevlar  knit,  a  fiberglass 
felt,  and  a  final  FBI  knit  for  comfort. 

Although  the  reproducibility  leaves  something  to  be 
desired,  it  is  clear  that  this  four-layer  sandwich  compares  favorabl** 
with  the  pure  FBI  material.  In  this  case  the  aluminised  Kevlar  as  a 
second  layer  was  able  to  withstand  the  temperature  and  served  well  as  an 
isolation  barrier.  It  delayed  the  start  of  tho  temperature  rise  by  2  to 
4  seconds  and  cut  the  peak  temperature  down  to  a  very  modest  level. 


7.  Fabric  Test  Conclusion* 

The  PBI  materials  provide  an  excellent  resistance  to 
temperature  so  are  ideal  for  the  backing  for  an  aluminum  coating  layer. 
Because  they  are  comfortable,  the  FBI's  knits  form  an  excellent  line** 
material  for  a  fire  suit.  If  one  insert*  a  second  aluminised  layer  in 
front  of  the  felt  to  reduce  radiation  transfer,  one  stay  use  vhe  low  cost 
fiberglass  felts  and  still  obtain  excellent  fire  protection. 

8.  Fire  Suit  Peslsn 

The  fire  suit  construction  was  designed  to  protect  the 
wearer  against  tha  accidantal  ignition  of  SO  -  100  pounds  of 
magnesium/Taflon  flare  granules  contained  in  a  pot  on  a  low  table  or  cart. 
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The  criteria  for  construction  were  taken  fro*  two  major 
areas  -  the  protaction  that  tha  suit  would  offar  against  thin  tha ratal 
load  and  tha  usability  of  tha  luit  by  i  waarar  in  tha  work  environment . 
Only  a  propar  melding  of  thaaa  aoatatiaac  conflicting  requirements  can  an 
accaptabla  suit  ba  designed. 

Tha  previous  tasta  had  shown  that  tha  PBI  based  hybrid 
fabrics  could  provide  tha  thermal  stability  usually  found  only  in  the 
such  heavier  glass  fabrics  and  with  a  great  deal  more  comfort  and 
flexibility.  This  stability  is  provided  by  the  high  decomposition 
temperature  of  the  PBI  material  and  the  fact  that  it  slowly  carbonises 
under  excess  thermal  load  maintaining  its  fibrous  nature. 

The  PBI  also  has  a  remarkable  moisture  absorbance 
capability  (SOI  greater  than  cotton)  which  makes  it  a  vary  comfortable 
static-free  fabric  against  the  skin  even  when  blended  with  50%  PFk  rayon. 

The  four  layer  protective  design  tested  in  the  previous 
experiments  used  knit  fabrics  in  front  of  and  behind  the  felts  since  they 
of*er  a  great  deal  more  flexibility  than  woven  fabrics  and  would  make  it 
much  easier  for  the  wearer  to  perform  his  necessary  tables.  At  the  same 
time,  the  knit  fabrics  provide  over  50%  more  air  space  in  the  fabric  than 
a  woven  material  so  one  gains  additional  insulation  without  additional 
weight . 


Finally,  the  four  layer  design  provides  both  the  two 
aluminized  layers  and  the  three  air  interfaces  which  are  very  effective 
insulators  with  a  minimum  of  added  weight. 

The  suit  construction  itself  provides  for  improved  user 
comfort  in  several  ways.  The  new  hood  design  provides  the  user  with  a 
large  8'*  x  14M  gold  coated  window  for  excellent  downward  visibility  as 
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well  u  peripheral  with  a  hood  «nl|ht  reduction  of  251.  Tha  viaor  gives 
minimum  distortion  and  la  coatad  to  provida  anti-fogging  protaetion. 

Hood  vanta  da sign ad  for  tha  pyrotechnic  typa  exposure  aid  in  wearer 
contort  without  aacrif icing  aafaty. 

Tha  atom  flap  daaign  on  tha  front  of  tha  *u..t  providas  an 
aaay  protection  for  any  possible  axpoaad  area  of  tha  chest,  whilst  tha 
hood  and  shouldar  drapa  provida  additional  seal*  at  joint*.  K n  internal 
spandax  syataa  at  coat  hot ton  provides  a  seal  at  thia  juncture,  but 
allowing  full  freedom  and  movement.  Tha  cleaves  and  cuffs  have  an 
internal  double  knit  thumb  typa  wristlet  and  anklet  to  provida  seals  in 
this  areas. 


Gloves  are  gauntlet  type  and  Include  the  layered  concept 
for  protection.  Dexterity  is  tha  prime  concern  here  and  the  gloves  era 
capable  of  handling  the  small  parts  and  functions  neceecary  for  this  type 
of  job. 


The  coat  is  designed  without  a  collar  to  reduce  woight. 

Tha  necessity  of  a  collar  was  not  evident.  The  coat  pattern  is  also  a 
special  design  for  shoulder  and  am  freedom.  Properly  slsed  garments 
have  no  restriction  In  total  movement  of  all  parts  of  tha  body. 

Integral  spats  wars  designed  for  tha  shoes  to  allow  for 
the  special  conductive  shoes  worn.  Tha  general  suit  daslgn  has  s 
continuous  outershsll  of  tha  alualnisad  STAft/PBX  knit  fabric.  Tha  innar 
linar  concapt  is  positioned  on  the  front  helf  of  the  totel  garment 
structure  only,  with  the  sleeves  fully  insulated. 

The  final  suit  designed  for  the  test  is  shown  in  Figure  8. 
The  hood  assembly  weighs  about  5  pounds  while  the  rest  of  tha  assembly 
weighs  only  11-1/4  pounds.  The  suit  would  retail  for  shout  $1500.00. 
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9.  Fire  Suit  Teat 


To  test  the  conplete  suit  against  a  possible  accidental 
ignition,  it  was  instrumented  with  thermocouples,  placed  on  a  dummy 
mounted  at  3  feet  from  a  barrel  with  37  pounds  of  granulated  Wg/PTFE 
blond  (See  Pigure  9). 

Thermocouples  were  attached  to  the  inside  surface  of  the 
suit  for  the  leg,  body,  arm  and  hand,  and  to  the  dummy  surface  for  the 
lip  and  ear  locations.  The  lip  location  was  chosen  as  an  area  looking 
directly  through  the  gold-coated  face  shield  so  it  Wv-uld  show  direct 
response  to  the  radiation,  while  the  ear  location  was  directly  opposite 
a  helmet  vent  and  would  see  mostly  the  hot  air  entering  through  the 
vent. 


The  thermocouple  responses  from  the  test  are  Bhown  in 
Figure  10.  The  lip  and  ear  thermocouples  responded  the  quickest  and  gave 
the  highest  readings  Which  were  only  20  -  30°F  above  ambient.  All  of 
the  other  thermocouples  showed  very  slow  rises  to  only  10  -  15°  above 
ambient . 


The  development  and  size  of  the  plume  are  shown  in  Fig¬ 
ure  9.  It  is  seen  that  the  plume  grows  in  sits  as  it  rises  and  the 
excess  magnesium  vapor  is  oxidized  in  the  air.  This  is  graphically 
indicated  by  the  scorched  areas  on  the  suit  being  largely  limited  to  the 
face  shield  and  upper  portions  of  the  helmet  (Figure  8). 

These  results  also  indicate  the  importance  of  using  a  high 
ceiling  room  for  pyrotechnic  operations  so  that  the  plume  can  rise 
rapidly  a*fay  from  the  worker  and  reduce  the  radiation  exposure.  Since 
radiation  intensity  falls  off  nearly  as  the  cube  of  the  distance,  it 
doesn't  take  much  distance  to  make  a  radical  reduction  in  the  intensity. 
This  is  seen  in  the  difference  in  the  scorch  obtained  on  the  helmet 
compared  to  very  little  discoloration  seen  on  the  hand  which  was  also 
facing  upward. 
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FIGURE  9 
FI  RESUIT  TEST 


I 
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FIGURE  10 

TEMPERATURE  PROFILES  INSIDE  FIRE  SUIT 


10.  COMCLUSIOWS 


fire  suit  designed  with  two  aluminized  layers  and  a 
fiberglass  felt  has  been  shown  to  provide  a  more  than  adequate  shielding 
against  the  accidental  ignition  of  pyrotechnic  in  its  most  hazardous  form 
-  rapidly  burning  granules.  Simpler  and  less  costly  designs  seem 
feasible,  if  the  double  aluminized  design  is  maintained  by  placing  the 
second  aluminized  layer  on  the  fiberglass  felt  and  eliminating  the  second 
fabric  layer. 

Although  this  suit  was  especially  designed  for  highly 
radiative  pyrotechnic  events,  the  double  aluminized  layer  concept  should 
be  helpful  in  the  lower  temperature  fire  and  furnace  applications.. 
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awAHntiM 


Some  aspects  of  the  new  French  regulation  concerning  the 
protection  of  workers  with  regards  to  the  hazards  of  explosive 
activities  from  the  manufacturer's  point  of  view. 


by 

R.  M.  BAT 
Chief  Engineer 
SNPE 

SAINT  HEDARD  EN  JALLES  -  FRANCE 


ABSTRACT 


One  of  the  most  remarkable  innovations  of  the  French  regula¬ 
tions  consists  in  the  obligation  for  the  manufacturer  to  carry 
out  a  safety  analysis  before  each  change  in  his  activity,  to  con¬ 
sult  the  Hygiene  and  Safety  Workers  Commltee  and  to  obtain  the 
prior  French  administration  approval  before  applying  the  change 
if  it  is  an  important  one,  such  as  the  start  of  a  new  facility, 
the  manufacturing  of  new  energetic  materials  or  the  use  of  new 
processes* 

The  main  alms  of  this  safety  analysis  are  : 

-  detecting  all  explosive  accident  possibilities, 

-  assessing  in  each  case  the  nature,  the  severity  and  the 
probability  of  the  risks  which  the  plant's  personnel,  the  public 
and  property  are  submitted  to, 
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-  determining  the  necessary  measures  to  prevent  accidents 
and  to  limit  their  consequences, 

-  demonstrating  that  the  residual  risk  levels  are  within  the 
thresholds  fixed  by  the  regulation  for  each  kind  of  threatened 
entity* 


The  o&se  choosen  to  present  the  manner  in  which  the  manufac¬ 
turer  meet  with  his  obligations  is  the  case  of  a  new  mixing  faci¬ 
lity  designed  to  prepare  composite  propellant  paste  with  at  least 
one  granular  high  explosive  component* 

It  presents  the  main  explosive  hazards  :  fire,  mass  detona¬ 
tion,  fragments  and  it  allows  to  show  all  the  aspects  of  the 
works  carried  out  to  design  the  new  facility  In  accordance  with 
the  technical  needs  and  with  all  fixed  prescriptions  : 

-  safety  data  gathering  on  equipments,  processes,  materials, 
materials  classification  and  in  processes  classification, 

-  assessment  of  the  possible  hazardous  zones  in  relation 
with  these  data,  the  energetic  materials  masses,  the  design  of 
buildings  and  protections,  the  lend  configuration, 

-  assessment  of  the  accident  probabilities, 

-  demonstration  that  the  project  meets  all  che  regulation 
requirements. 


The  carrying  out  of  this  work  needs  specific  tests  and  expe¬ 
riments,  the  use  of  advanced  safety  analysis  methods  and  codes 
like  the  "DENSECIA"  and  "PROJSEC"  codes  we  have  had  to  develop 
prior  to  the  analysis  to  assess  the  hazards  of  fragments  and  pro¬ 
jections. 
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INTRODUCTION 


One  of  Che  most  remarkable  Innovation*  of  the  new  French 
regulation^  (Reference*  1,  2t  3)  conaists  in  the  obligation  for 
the  manufacturer  ‘.:o  carry  out  a  aafety  analysis  before  each  chan- 
ge  in  his  activity,  to  consult  the  Hygiene  and  Safety  Workers 
Committee  and  to  obtain  the  prior  French  administration  approval 
before  applying  the  change  if  it  is  an  important  one,  such  as  the 
start  of  a  new  facility,  the  manufacturing  of  new  energetic  mate¬ 
rials  or  the  use  of  new  processes* 

The  main  aims  of  tnis  safety  analysis  are  to  define  the  ne¬ 
cessary  conditions  to  prevent  accidents  and  as  it  is  quite  impos¬ 
sible  to  avoid  them  completely,  in  spite  of  the  previous  condi¬ 
tions,  to  limit  their  consequences  to  a  very  low  level,  especial¬ 
ly  for  personnel.  This  regulation  has  been  developed  both  to  make 
a  disastrous  incident  impossible  and  to  reduce  the  frequency  and 
the  consequences  of  any  explosive  accident. 

The  steps  taken  in  this  safety  analysis  are  : 

-  detecting  all  explosive  accident  possibilities, 

-  assessing  in  each  case  the  nature,  the  severity  and  the 
probability  of  the  risks  wh'ch  the  plant's  personnel,  the  public 
and  property  are  submitted  to, 
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-  determining  the  necessary  measures  to  prevent  accidents 
and  to  limit  thalr  consequences , 

-  demonstrating  that  the  residual  risk  levels  are  within  the 
thresholds  fixed  by  the  regulation  for  each  kind  of  threatened 
entity* 

The  different  criteria  of  conformity  are  not  limited  to  the 
usual  ones  like  "QUANTITY -DISTANCE  TABLES". 

Two  important  innovations  have  modified  these  traditional 
points  of  view  : 

-  the  first  is  that  most  of  the  regulation  requirements  are 
fixed  in  terms  of  results  and  not  of  means , 

-  the  second  is  the  fact  that  these  requirements  introduce  a 
relation  between  the  acceptable  consequences  of  an  accident  and 
.. -8  probability  of  occurence  and  that ,  not  only  for  the  near  and 
far  environment.  There  are  also  requirements  at  the  level  of  the 
working  station  directly  concerned  by  the  accident. 

TbA.se  last  requirements  have  been  shortly  summarized  through 
the  two  following  rules  which  we  use  to  prove  that  an  elementary 
expl^iive  facility  called  "«o"  is  in  accordance  with  these 
auf*-  8  of  the  regulation  : 

-  The  first,  called  "RULE  OF  CONFORMITY  gk  Zt  Pj"  allows  us 
to  show  the  conformity  of  the  lay-out  of  an  installation  "ait* 
(ten  dilirerent  kinds  of  ak  defined  in  table  1)  located  in  the  ha- 
zardou  rones  *Zj"  created  by  ’sq"  (five  kinds  of  “Zj"  defined  in 
table  2)  with  the  probability  level  "Pj"  (five  level3  defined  in 
table  3).  The  requirements  to  co.iply  with  are  given  by  table  4. 
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-  The  second,  csllsd  "RULE  OF  CONFORMITY  In  a«  2i*  allows  us 
to  show  that  the  number  of  workers  simultaneously  present  In  the 
hasardous  sones  "Xj"  and  "Xj*  of  "a®*  with  a  level  of  probability 
greater  than  is  in  accordance  with  the  regulations,  i.e. 
roughly  :  maximum  five  if  the  probability  of  accident  is  "Pg*  » 
maximum  five  if  it  is  "Pj“  but  with  less  than  10  X  of  the  working 
tine,  no  personnel  present  if  it  is  "P4"  or  "P5"  . 


APPLICATION  EXAMPLE 


To  illustrate  the  manner  used  to  perform  the  "SAFETY  ANALY¬ 
SIS"  and  to  prove  the  conformity  to  the  two  previous  rules,  I 
will  briefly  present  some  aspects  of  the  work  carried  out  to 
design  a  new  propellant  mixing  facility  in  our  plant  o*  Saint- 
MSdard . 

We  needed  a  new  mixing  facility  to  prepare  composite  propel- 

« 

lant  paste  with  at  'least  one  1*1  hazard  class  component.  The 
amount  of  paste  per  unit  operation  was  fixed  to  3  000  kg.  The 
choice  of  the  mixer  was  given  :  a  vertical  one,  already  qualified 
for  this  kind  of  production  and  wellknown  in  our  plant. 
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1  -  FIBST  STEP 


The  first  step  of  the  SAFETY  ANALYSIS  consists  in  dstscting 
all  explosive  accident  possibilities. 

These  possibilities  are  the  consequences  of  the  presence  of 
sensitive,  energetic  materials  (caw,  Intermediate  and  finished 
materials  and  wastes)  which  are  submitted  to  the  actions  of  pro-* 
ceases  in  norpal  or  abnormal  conditions,  in  an  environment  which 
may  be  unfriendly  ard  sensitive. 


Materials 


To  assess  them,  it  is  necessary  to  set  up  the  exhaustive 
list  of  all  the  energetic  materials  which  may  be  present  in  the 
installation  and  to  know  very  well  their  behaviours  and  their 
sensitivity  to  the  different  kinds  of  agression  :  mechanical, 
thermal,  chemical,  electrostatic,  etc... 

Ue  use  for  that  a  procedure  called  I.S.P.  (Integrated  Safety 
Program)  which  has  been  developed  to  collect  these  characteris¬ 
tics  and,  if  they  are  not  available,  to  perform  the  tests  or 
experiments  necessary  to  obtain  them.  One  of  the  main  characte¬ 
ristics  required  for  the  analysis  is  for  each  material  its  clas¬ 
sification  in  a  risk  division  (table  5)  eventually  in  relation 
with  the  level  of  confinement  or  in  relation  with  another  charac¬ 
teristic  like  the  mass,  the  geometry,  etc... 


Processes 


for  eech  process,  vs  havs  dstsralnsd  the  maximum  strsssss 
applied  to  ths  material  In  normal  and  abnormal  conditions. 

At  this  point  of  the  analysla,  It  Is  already  possible  to 
foraes  the  different  possibilities  of  explosive  eccldents 
(e.g.  t  ignition  by  mechanical  friction,  initiation  by  impact, 
etc...),  to  assess  margins  of  safety  and  to  define  critical 
stresses. 


2  ~  SECOND  STEP 


The  second  step  consists  in  assessing  the  nature,  the  seve¬ 
rity  and  th*  probability  of  each  potential  accident. 

The  nature  of  the  effect  comes  from  the  risk  division  of  the 
swtcrlals  ir  their  environment  (process,  packaging,  temperature, 
etc...)  and  from  the  nature  of  the  stresses. 

In  our  case,  the  presence  of  a  high  explosive  component 
creates  the  hazard  of  mass  detonation  and  consequently  the  risk 
of  blast.  The  blast  effect  on  the  mixer,  especially  its  bowl,  on 
the  different  apparatus  located  near  the  mixer,  on  the  raw  mate¬ 
rial  containers  and  on  the  building  will  give  the  risk  of  frag¬ 
ments  and  projections.  As  the  final  product  is  a  propellant  pas¬ 
te,  ve  have  also  the  haxard  of  combustion  or  deflagration  and  tne 
rl.'ks  of  severe  heat  flux  with  a  large  amount  of  very  hot  gases 
in  a  confined  space. 


313 


The  severity 


The  severity  com*  fro*  t  the  nature  of  the  riek,  the  see* 
of  energetic  material  Involved  in  the  accident,  the  environment 
(eventual  pretence  of  protection*  around  the  initiated  load). 

These  information*  allow  us  to  determine  •  preliminary  as¬ 
sessment  of  the  extent  of  the  different  haxardous  tones  created 
by  the  mixing  shop,  using  the  equation  which  gives  the  radius  of 
these  tones  as  a  function  of  the  mass  for  each  kind  of  hatard,  on 
flat  ground,  without  protection  : 

*1  -  xt  Q1/3 

were  -  the  upper  limit  radius  of  the  haxardous  tone  Z± 

Xi  ■  factor  dependant  of  "1"  and  of  the  division  of  risk  of 
the  energetic  material  (table  6). 

For  the  evaluation  of  the  thermal  hatard  tones  we  have  taken 
the  total  mass  of  energetic  material  present  in  the  mixing  faci¬ 
lity  (figure  7)  but  for  the  blast  effect,  we  Increase  this  mass 
by  a  factor  of  1.4  which  is  the  upper  value  of  the  TNT  equivalen¬ 
ce  of  the  propellant  (figure  8). 

The  fire-hasard  tones  are  comolet.'ly  contained  in  the  blast 
hatard  tones. 

As  equations  to  assess  fragments  and  projections  risks  are 
only  available  for  the  case  of  ammunitions,  we  decided  to  design 
a  protection  to  contain  the  most  dangerous  fragments,  i.e.  those 
which  can  be  produced  by  the  fracture  of  the  bowl  because  they 
will  be  the  most  numerous  and  with  the  highest  initial  veloci¬ 
ties. 
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To  determine  the  cherecterlatlce  of  this  protection  end  to 
prove  ite  efficiency,  we  apply  the  DENSBCLA"  code,  eapecially 
developed  by  the  "SNPB  TECHNICAL  SAFETY  CROUP"  for  that  purpose. 

For  a  cylindrical  exploaive  charge,  placed  in  a  ateel  caae, 
this  code  gives  the  distribution  of  fragments  in  aaas,  energy  and 
direction  as  a  function  of  the  explosive  mass,  the  Gurney  and 
Mott  coefficients,  the  thickness  and  the  nature  of  the  steel 
(figure  9). 

In  our  case,  the  result  of  the  computation  in  the  worst  con¬ 
dition  of  initiation  (at  the  base  of  the  bowl)  is  that  all  the 
dangerous  fragments  trill  be  emitted  in  an  angle  less  than  12* 
with  the  horizontal  plan. 

So,  with  a  convenient  shield,  the  fragments  hazard  zones  will 
be  contained  inside  the  blast  hazard  zones. 


probability  of  Occurence 


The  different  probabilities  of  accidents  have  been  assessed 
on  the  base  of  our  experience  and  analogic  comparisons  between 
the  new  materials  present  in  the  mixer  and  already  veil known  ma¬ 
terials  in  the  same  conditions. 


Afterwards,  we  added  a  "FAILURE  MODE  AND  EFFECT  ANALYSIS" 
(F.M.E.A.)  to  improve  this  first  assessment  especially  to  take  in 
account  all  the  changes  Introduced  by  the  new  materials  and  the 
new  equipments,  to  give  more  accurate  safety  specifications  to 
design  the  equipments  and  to  teach  lower  levels  oi  probabilities 
(mote  than  200  failure  modes  analyzed). 
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As  this  analyst*  appeared  to  ba  insufflcisnt  to  prove  that 
the  risk  of  msss  detonation  initiated  by  foreign  bodies  In  the 
bowl  was  sufficiently  low,  we  coaplatad  the  work  by  cerryltg  out 
a  "FAULT  TREE  ANALYSIS"  (F.T.A.)  for  this  scenario. 

Finally,  we  could  justify  a  level  "Fj"  for  the  fire  riak  and 
the  level  "Fj"  for  the  mass  detonation  risk. 

At  this  step  of  the  analysis,  1“  was  possible  to  define  the 
lay-out ‘of  the  nev  shop  with  its  accesses  In  accordance  with  the- 
"afc  Fj"  and  "Oq  Z|”  rules  and  to  achieve  the  analysis  of  the 
■ensures  taken  to  prevent  the  risks  and  to  Unit  the  consequences 
of  an  accident. 

Measures  taken  to  prevent  the  risks 

They  have  been  determinated  from  the  previous  risks  analysis 
(Experience,  F.M.E.A. ,  F.T.A.)  with  a  priority  tc.  the  situations 
presenting  the  most  Important  "SEVERITY,  PBOBABr.<TTY"  couplos. 

Various  measures  have  been  prescribed. 

Among  them  : 

-  for  aaterlsls  handling  ;  to  cut  off  the  risk  of  container 
and  bowl  fall  ;  all  handling  operations  are  feasible  without 
hanging,  only  using  lifts  or  elevators. 


for  the  raw  materials  :  ell  rev  materials  have  to  be 


screened  or  filtered,  before  tneir  Introduction  into  the  mixer 
bowl  very  close  to  it;  The  sievns  have  to  be  designed  without  the 
possibility  of  creating  Inside  foreign  bodies » 


-  for  the  building  :  design  to  avoid  the  possibility  of  get¬ 
ting  foreign  bodies  which  could  fall  into  the  bowl. 


-  for  the  operating  instructions  i  to  limit  the  exposure 
time  of  the  open  bowl  to  the  environment,  to  check  the  use  and 
the  presence  of  tools,  to  clean  and  to  check  perfectly  the  appa¬ 
ratus  aad  the  mixer  shop. 


-  for  the  mixer  :  to  clean  better  the  blades  and  the  mixer- 
head  in  better  working  conditions,  we  asked  the  manufacturer  to 
widely  open  the  aft  side  of  the  mixer. 


-  for  the  electrostatic  discharge  initiation  risk  :  genera¬ 
lized  grounding,  conductives  floors,  conductxves  shoes,  personal 
conductivity  system  for  dally  checking. 


317 


Kgagam  to  Halt  the  consequences 


A  number  of  measures  were  identified  and  prescribed  to  redu¬ 
ce  the  consequences.  Some  are  given  below  for  the  main  risks  : 

-  The  mixer  building  has  been  designed  to  contain  the  most 
dangerous  fragments.  It  is  barricaded  with  concrete  walls  and 
earth,  (figure  10)  ;  the  top  of  this  rough  work  is  designed  at 
least  at  20°  above  the  bowl  in  the  working  position.  This  gives  a 
margin  of  66  X  with  regard  to  the  12°  given  by  the  "DENSECLA" 
Code. 


-  To  limit  the  elevation  of  the  wallj  and  to  remove  the  need 
of  stairs  to  approach  the  mixer  blades  and  head  for  cleaning  ope¬ 
rations,  the  mixer  base  has  been  placed  1,5  meter  below  the 
ground  level. 

-  To  reduce  the  number  of  projections  and  the  associated 
risks,  the  upper  parts  of  the  building  are  made  of  light,  easily 
fragmentable  materials,  such  as  wood  and  foam-concrete  which  are 
not  able  to  give  dangerous  fragments.  (These  materials  and  their 
surface  treatments  have  been  tested  to  verify  their  impermeabili¬ 
ty  and  their  compatibility  with  the  energic  materials). 

-  The  choices  made  for  handlings  avoid  the  presence  above 
the  mixer  of  heavy  travelling  crane  and  steel  beams,  potential 
projection  sources. 
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-  To  limit  the  risk  of  deflagration  to  detonation  transition 
(DDT)  we  have  equiped  the  mixer  with  a  very  efficient  and  relia¬ 
ble  deluge  system  with  IS  and  UV  detection  (total  time  between 
detection  and  water  arrival  in  the  bowl  less  than  150  ms) . 

This  deluge  system  gives  also  the  workers  a  protection 
against  fire  during  their  interventions. 

Other  measures  have  been  prescribed  to  limit  the  consequen¬ 
ces  of  a  fire. 


3  ~  LAST  STEP  i  CONFORMITY  DEMONSTRATION 

This  step  consists  in  demonstrating  from  the  previous  tech¬ 
nical  informations  (nature,  probability,  effects  of  the  risks) 
that  the  residual  risks  *hich  the  workers  in  the  mixer-shop  and 
in  the  other  facilities,  the  people  and  properties  in  the  vicini¬ 
ty  are  submitted  to,  are  in  accordance  with  the  regulations 
(rules  "*0  Z\m  and  "a*  Z±  P-j"  ). 

(In  fact,  the  progression  is  iterative  and  not  linear). 
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To  satisfy  this  obligation,  as  the  probability  of  incidents 
able  to  generate  a  "Z\'m  is  above  "P^“  ,  we  have  to  fix  the  amount 
01  persons  simultaneously  present  in  the  mixer  shop  to  five  wit¬ 
hout  any  limit  of  time  for  the  less  dangerous  operations  (P2)  - 
like  handling  and  cleaning  ;  but  as  the  probability  is  at  the 
level  "P3"  during  the  rotation  of  the  blades  or  the  up  and  down 
movement  of*  the  bowl,  nobody  will  be  present  (during  this 
period).  The  conformity  is  so  realized  without  using  the  10  X 
working  time  presence  possibility.  These  operations  are  remotely 
controlled  from  a  shelter  located  in  the  -z2-  of  the  mixing  sta¬ 
tion  and  design  to  protect  the  people  inside  at  the  level  *{4''  . 


Buie  Zt 


-  We  have  two  "ai"  ,  the  upper  remote  control  room  and  the 
place  where  the  energetic  materials  and  propellant  wastes  are 
stored  after  cleaning  and  before  removal  for  disposal.  This  place 
has  been  choosen  to  be  in  -z2« 

,  at  the  foot  of  the  revetment. 
Its  access  is  authorized  only  when  the  mixer  is  stopped.  In  com¬ 
plement,  we  verified  that  there  wps  no  risk  of  direct  transmis¬ 
sion  of  initiation  between  the  charge  of  waste  and  the  charges 
inside  the  mixing  shop. 


-  We  have  several  shops,  storages  and  roads  classified  as-* 
“aj"  facilities.  None  are  in  nZ\*  or  "*2“  except  one  road  common 
to  many  shops  thich  his  partially  in  "Z2*  • 

As  we' can  affirm  that  the  traffic  on  this  way  will  give  a 
presence  during  less  than  10  X  of  the  working  time,  this  situa¬ 
tion  also  complies. 


-  The  situation  of  the  offices  classified  as  Ma3"  ,  in  "Z4*- 
from  the  blast  effect  also  complies  since  the  probability  of  this 
risk  is  only  "P2"  • 


-  The  conformity  in  also  verified  in  the  vicinity  :  all 
houses  and  main  roads  are  in  "Xsu  or  more  distant  and  we  don't 
find  any  large  gathering  place  like  a  market,  a  school  or  a  sta¬ 
dium  In  the  “Z4"  and  “Z5"  . 


Reciprocally,  we  have  to  give  the  demonstration  that  the 
mixing  station  is  not  located  in  a  xorbldden  hazardous  zone 
coming  from  another  explosive  shop  or  from  an  other  risk  like  a 
flamable  solvent  depot. 


CONCLUSIONS 


The  SAFETY  ANALYSIS  prescribed  by  the.  nev  French  regulation 
is  an  excellent  mean  to  rationalise  the  numerous  steps  and  choi¬ 
ces  which  are  to  be  achieved  all  along  the  design  of  new  explosi¬ 
ve  facilities. 


As  the  conformity  criteria  are  very  detailed  and  discrimina¬ 
ting,  dependent  in  particular  both  on  the  severity  and  the  proba¬ 
bility  of  the  feared  events,  it  is  possible  to  design  our  facili¬ 
ties  and  to  use  them  on  one  hand  without  inadequacy  of  mean  and 
on  the  other  hand,  without  overestimated  protections,  equipments 
and  instructions. 

As  many  requirements  are  formulated  in  term  of  results,  it 
is  possible  to  introduce  innovations  which  improve  safety  in  our 
plants  with  adequate,  economical  performances. 


Briefly,  the  SAFETY  ANALYSIS  prescribed  by  the  new  French 
regulations,  represents  more  than  an  obligation  and  a  formality, 
it  is  principally  an  excellent  method  to  improve  safety^ 
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UAL LA 

DttSIONATION  Of  INSTALLATIONS  TO  PROTECT 
FRON  DOMOM  "«q" 

E  facilities  ms  my  the  plant  i 

•1  PYROTBC  WICAL  FACILITIES  HAVING  TO  BE 
LOOTED  NEAR  "«oH 

■2  OTKER  PYROTKCHNICAL  FACILI' £ES  AND 
INNER  ROADS 
*3  INERT  BUILDING 

j  2.  ROADS  OUTSIDE  jjjT  PLANT  I 

bi  TRAFFIC  <  200  VBHICULES/DAY 
l>2  TRAFFIC  BETWEEN  200  AND  2000  VEHICULES/ 
DAY 

b3  IMPORTANT  TRAFFIC  >  2000  VEHICULES/DAY 

I  3.  BUI  JIHQS  0»  0TH&  PLACES  0UTSj5j~TWt  PLANT! 
Cl  UNINHABITED,  SHORT  PRESENCE 
c2  INHABITED  BY  OR  WITH  PRESENCE  OP  PLANT 
PERSONNEL 

c3  OTHER  FACILITIES,  HOUSES, 
c4  GATHERING  PUCES  OF  PEOPLE  :  MARKETS, 

SCHOOLS,  HOSPITALS,  DENSELY  BUILT  UP 
AREA. 


IABLL.2 

DESIGNATION  Of  HAZARDOUS  ZONES 


K 

PERSONAL 

INJURY 

PROPERTY 

DAatACE 

Zi 

LETHAL  INJURY 

IN  MORS  THAN  50  X 
OF  CASES 

VERY  SEVERE 
DAMAGE 

Za 

SERIOUS  INJURIES 
WHICH  MAY  BE 
LETHAL 

SEVERE 

DAMAGE 

Zs 

INJURIES 

MEDIUM 

AND  SLIGHT  DAMAGE 

Z4 

POSSIBILITY  OF 
INJURIES 

SLIGHT  DAMAGE 

Zs 

VERY  LOW 
POSSIBILITY 

OF  SLIGHT  INJURIES 

VERY  SLIGHT 
DAMAGE 
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TABLE  3 

DESIGNATION  OP  CLASSES  Of  NOUI1UTY 


LCVS  l. 


ANNUAL 


ILllv£££2I 


RATHER 

FREQUENT 


<10~* 

STABLE  EXPLOSIVE 
PACKED  roft  TRANSPORT 
IN  A  STORAGE. 

<  10° 

PACKING,  PASTING 
HANDLING. 

10‘2 

NITRATION,  MIXING, 
DRYING,  MACHINING 

OP  SENSITIVE,  ENER¬ 
GETIC  material. 

»-» 

O 

1 

_ n 

OPERATIONS  ON  VERY 
SENSITIVE  MATERIALS, 
PRODUCTION  OP 
PRIMARY  EXPLOSIVES. 

>  10“5 

MIXING,  COMPRESSION 
OF  PRIMARY  EXPLO¬ 
SIVES. 

PROBABILITY 


HAZARDOUS 

ZONt 


MJLA 


HULKS  or 


•1  hi  C!  mi  bx  Cl 


•l  bl  ci  *1  bl  C1  *1  bl  CI 

•2  bj  eg  >2  b2  c2  *2 


*oUx) 

^(xx) 

n(x) 

ax(xx) 

•1 

,x<*> 

(x)  -*  presence  limited  to  fnav'^um  10  X  of  the  working  time. 

(xx)  -  no  presence  ?  >.»d  «  ed  in  pertlculer  circonetancee. 


324 


325 


m ttL-i 


FIGURE  7 
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ftflBS  9 

jjjgttA  COOK 

H>  DENSITY  VO  ENERGY  OF  FRAGMENTS 
AS  A  FUNCTION  OF  “d*  ON  VERTICAL 
ANr  HORIZONTAL  SURFACES. 


>^0~*To(H 


BALISTIC  TRAJECTORY 


DIRECT  TRAJECTORY 

'’'N  vertical 


HORIZONTAL 
^  SURFACE 


FIGURE  IG 


ELEVATOR 


FIGURE  10’ 
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FIGURE  II 


AD-P005  314 


A  SIX  YEARS  PRACTICE  IN  THE  ENFORCEMENT 
OF  THE  NEW  FRENCH  EXPLOSIVE  SAFETY  PECULATION 

BY 

R.V.  AMIABLE 
GENERAL  ENGINEER 

DEPUTY  INSPECTOR  AT  THE  FRENCH  INSPECTORATE 
OF  ARMAMENT  FOR  EXPLOSIVES  AND  PROPELLANTS 

(X.P.E.) 


DGA/IPE  -  Centre  Sully  -  10  Place  Cl&nenceau 
92211  SAINT-CLOUD  CEDEX  -  FRANCE 
TELEX  260010  DARMTER 


331 


ABSTRACT 


French  Department  of  Labour  has  edicted  in  1979  new 
regulations  in  order  to  protect  worker?  in  explosive  or 
pyrotechnic  establishments.  For  the  enforcement  of  this 
new  regulations  the  Labour  Inspectorate  has  received 
assistance  from  the  Inspectorate  of  Armaments  for 
propellants  and  explosives  of  the  French  D.O.D. 

The  aim  Of  INGEN J.EUR  GENERAL  R.V.  AMIABLE,  DEPUTY 
INSPECTOR  FOR  PYROTECHNIC  SAFETY  at  the  FRENCH  INSPECTORATE 
of  Armaments  is  : 

^  to  make  a  short  history  of  the  French  safety 
regulation  concerning  explosive  or  pyrotechnic 
establishments,' 

^  to  explain  the  main  characteristics  of  the 
new  regulations/ 

^to  discuss  the  benefits  and  the  disadvantages 
of  the  new  system  in  the  light  of  a  six  years 
pratice,  first  from  the  point  of  view  of  the 
French  Inspectorate  and  second  from  the  one 
of  the  manufactured.. 
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1.  -  REGULATING  BEFORE  1980 


1  -  THE  PREHISTORIC  TIMES  :  1875  -  1955 


Before  1955  there  was  no  one  specific  law  or  decree  in  FRANCE 
concerning  the  protection  of  workers  against  special  risks 
to  which  they  were  subjected  in  establishments  dealing  with 
gun  powder,  propellants,  explosives,  pyrotechnics  or  ammunitions. 


However  we  had  the  law  of  the  19  th  of  december  1917 
concerning  the  establishments  which  had  to  be  classified  for 
the  protection  of  the  environnement.  The  most  dangerous  of 
them,  in  particular  explosive  or  pyrotechnical  factories, 
were  submitted  to  a  preliminary  official  authorisation  before 
opening  ;  this  authorization  was  given  by  an  order  which 
constrained  the  head  of  the  classified  establishment  to  take 
a  number  of  precautions  for  protection  of  the  vicinity, 
of  course,  but  al^.  of  the  workers  of  the  factory.  This  safety 
regulations  could  be  noticeably  different  according  to  the 
place  or  the  time. 


Moreover  there  was  an  older  particular  way  of  regulating  wki 
concerned  specially  the  dynamite  factories  and  which  was  fixed 
by  the  law  of  the  8  th  Qf  august  1875  and  the  decree  of  the 
24  of  august  1875  with  the  view  to  protect  vicinity  and 
workers . 


In  that  good  old  days  Frenchmen  dealing  with  explosives, 
propellants  or  pyrotechnics  made  preliminary  risk  analysis 
and  they  chose  the  safety  ordering  and  devices  with 
reference  to  the  three  old  ahd  famous  principles  of  the 
FRENCH  POWDER  MAN  : 

-  FIRST  to  limit  the  risks 

-  SECOND  to  separate  the  risks 

-  THIRD  to  superposate  the  safety  devices. 


1.2  -  THE  BIRTH  OF  MODERN  TIMES  IN  1955 


A  modern  regulation  concerning  specially  the  protection 
o£  workers  In  factories  dealing  with  explosive  or"  pyrotechnlcal 
materials  was  born  In  FRANCE  In  1955.  It  took  the  form  of  a 
decree  signed  by  the  Prime  Minister,  the  Minister  of  Labour 
and  Minister  of  Defence,  The  Council  of  State  having  been 
heard  on  the  matter  ;  this  decree  was  the  decree  n°  55.1189 
of  the  third  of  September  1955. 


The  main  caractSristics  of  this  new  specific  regulation 
were  the  followings  : 

1.  The  head  of  the  explosive  or  pyrotechnical  establishment 
had  to  establish  general  safety  regulations,  regulations 
concerning  each  pyrotechnic  room  and  special  regulations 
specific  to  each  work, location  or  station,  and  to  submit 
this  safety  documents  for  prior  approval  to  the 

district  Director  of  Labour  and  Employment,  who  consulted 

the  Inspector  for  Explosives  and  Propellants. 

2.  The  head  of  the  establishment  had  to  get  the  permission 
of  the  district  Director  of  Labour,  who  consulted 

the  Inspector  for  Explosives  and  Propellants,  before 
beginning  to  produce  or  handle  explosive  materials  with 
a  new  apparatus. 

3.  He  was  required  moreover  to  satisfy  a  number  of  other 
means  obligations  concerning  : 

-  distribution  of  buildings 

-  type  of  constructions 

-  exits  and  passageways 

-  floors,  walls,  ceilings,  frameworks 

-  electrical  installations 

-  heating  installations 

-  equipment 

-  raw  materials 

-  wastes 

“  individual  safety  equipment 

-  fire-fighting  , 

-  maintenance  and  repair  work 

-  proficiency  of  managers  and  workers. 
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The  general  safety  regulations  of  the  factory  had  to 
include  more  especially  : 

1.  Prohibition  to  smoke,  carry  any  smoker's  articles, 
naked  flames,  incandescent  objects,  matches  or  any 
other  means  of  creating  flame. 

2.  Prohibition  of  any  employee  for  going  to  an  other 
work  location  -  except  personnel  representatives 
subjected  to  the  observation  of  the  special  safety 
regulations. 

3.  Obligation  for  the  personnel  to  wear,  during 
working  hours,  clothing,  hats,  s lives  and  ether 
personnal  safety  accesories  supplied  by  the  head  of 
the  establishment. 

4.  Prohibition  of  personnel  to  remove  explosive  materials 
or  objects, 

5.  The  measures  to  be  observed  for  driving  and  parking 
vehicles  of  all  types  within  the  pyrotechnic  enclosure. 

6.  General  regulations  to  be  observed  in  case  of  fire. 


Moreover  each  work  location  or  room  safety  regulation 
had  to  include  : 

1.  The  maximum  quantities  of  explosive  materials  or 
objects  and  of  their  components  which  might  be  found  in 
the  room  or  at  the  work  location,  and,  if  necessary,  at 
each  work  station. 

2.  The  maximum  number  of  persons  which  might  deal  with 
them. 

3.  The  hand  tools  to  be  used  therein. 

4.  The  procedures  to  be  used  and  the  operations  to  be 
forbidden  therein. 

5.  The  procedures  to  be  followed  in  case  of  fire, 
thunderstorm,  or  lighting  or  power  failure. 

6.  Particular  prescriptions  for  the  room  or  the  work 
location,  more  specially  the  measures  to  be  observed 

for  neutralization  on  the  place  or  collecting,  conserving 
with  the  view  to  dispose  of  the  production  wastes. 
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All  this  new  official  prescriptions  resulted  from  the 
French  experience  gained  during  the  prehistoric  period 
thanks  to  preliminary  risk  analysis  before  explosive  or 
pyrotechnic  accidents  and# may  be  more# owing  to  posterior 
analysis. 


It  is  important  to  note  that  a  lot  of  technical 
requirements  enacted  as  obligations  of  means  by  the  decree 
n°  55.1188  flowed  from  this  risk  analyses  and  moreover 
reflected  accurately  the  state  of  the  art  in  FRANCE 
during  the  f if tees.  \ 


The  main  advantages  which  the  French  national  authorities 
were  waiting  for  were  the  followings  : 

1.  To  deal  with  the  little  establishments  which  were  not 
concerned  in  the  past  by  the  law  and  the  decrees  related 
to  the  protection  of  the  environment. 

2.  To  make  more  uniform  the  prescriptions  concerning 
the  explosive  and  pyrotechnical  safety  inside  the 
factories . 

3.  To  ensure  enforcement  of  up-to-date  technical  safety 
lequirements  in  all  the  explosive  and  pyrotechnic 
establishments,  including  the  little  ones,  with  a  view  to 

decrease  the  probability  of  occurency  and  the  gravity 
of  the  dangerous  effects  of  the  accidents. 

4.  To  aim  at  the  same  result  thanks  to  the  obligation 
of  establishing  safety  regulations  by  the  head  of  the 
establishment  and  obtaining  the  approval  of  the 
district  authorities. 

5.  To  give  to  the  French  authorities  the  means  of 
verifying  the  existence  of  such  safety  regulations  and 

in  the  same  time  their  quality,  thanks  to  the  consultation 
of  the  Inspector  for  Explosives  and  Propellants. 

6.  To  give  also  to  the  same  the  mean  of  controlling  the 
use  of  new  machines  and  prohibiting  the  use  of  too 
much  dangerous. 
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1.3  -  TWENTY  FIVE  YEARS  WITH  THE  DECREE  N#  55.1188 


The  enforcement  of  the  decree  n°  55.1188  contributed 
to  maintain  during  many  years  a  satisfying  level  of  safety 
Inside  the  factories  dealing  with  explosives,  propellants  or 
pyrotechnics,  facing  the  danger  Inhering  in  new  materials 
more  energetic  and  sensible,  and  in  objects  more  complex. 


In  the  same  time  new  risk  analysis  tools  were  created  and 
applied  to  the  explosive  and  pyrotechnic  field  (fault  trees, 
failure  mode  and  critical  effects  analysis,  ...)  and  the 
three  principles  of  the  "FRENCH  POWDER  MAN"  became  five  : 

-  FIRST  to  know  the  risks 

-  SECOND  to  limit  the  risks 

-  THIRD  to  separate  the  risks 

-  FOURTH  to  superposate  the  safety  devices 

-  FIFTH  to  integrate  the  safety  in  the  design. 


Parallely  the  state  of  the  art  progressed  in  the  matter 
of  technical  means  able  to  protect  the  workers  inside  the 
factories  dealing  with  explosive  materials,  making  thereupon 
the  decree  o^  1955  look  older. 


04*  LiiCXi  hiuu 
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to  appreciate  correctly  the  submitted  safety  regulations  and 
the  authorization  requests  concerning  new  machines  because 
they  had  no  information  about  the  preliminary  risks  analyses 
which  had  justified  the  choices  of  the  heads  of  establishment. 


Unfortunately  terrible  accidents  occured  in  FRANCE  during  the 
seventies  in  several  factories  dealing  with  single  base  propellant, 
with  dynamites  and  with  pyrotechnic  compositions. 


At  the  same  time  the  French  Government  had  decided  to 
increase  the  protection  of  workers  thinks  to  a  new  general 
law  and  new  specific  decrees. 


All  that  was  the  reason  why  a  new  decree  appeared  in  1979 
in  the  French  explosive  and  pyrotechnic  field  to  take  the 
place  of  the  decree  of  1955. 


2.  -  THE  NEW  FRENCH  EXPLOSIVE  SAFETY  REGULATION 


2.1  -  THE  DECREE  N°  79.846  OF  THE  28  th  OF  SEPTEMBER  1979 


The  decree  n*  79.846  has  been  signed ,  like  decree 
n*  55.1188,  by  the  Prime  Minister,  the  Minister  of  Labour  and 
the  Minister  of  Defence,  the  Council  of  State  having  been 
heard  on  the  matter. 


The  main  caracteristics  of  this  new  decree  are  the 
followings  * 

1.  The  heads  of  the  establishment,  when  planning  a  new 
fabrication,  the  use  of  new  processes,  the  construction 
or  modification  of  premises,  the  creation  or  modification 
of  an  installation,  the  fitting-out  of  a  work  location 

or  station  likely  to  have  an  effect  on  the  safety  of 
employees  or  the  use  of  new  means  or  systems  of  transport 
in  the  establishment,  shall  carry  out  a  safety  analysis 
or  shall  bring  existing  safety  analysis  up-to-date  : 

Tending  to  determine  all  the  possibilities  of 
pyrotechnic  accidents  and  to  establish,  in  each  case, 
the  nature  and  gravity  of  the  risks  incurred  by  the 
establishment's  employees  s 

roterniri;..j  th«_  measures  to  be  taken  to  prevent 

and  to  their  consequences.  (1) 

The  heads  of  the  establishment  shall  consult  the  healtn 
and  safety  committee  concerning  the  study,  or  failing  this, 
the  labour  delegates,  as  well  as  the  worxers'  delegates 
for  safety  appointed  under  the  above  law  of  8  april  1938 
when  such  exist. 

2.  This  safety  analysis,  to  which  is  added  the  report 

of  consultation  of  the  Health  and  Safety  Committee,  shall 
be  submitted  for  prior  approval  to  the  district 
Director  of  Labour  and  Employment,  who  consults  the 
Director  of  Technical  Inspection  of  Armaments  for  Powders 
and  Explosives.  The  district  Director  snail  maKe  his 
decision  known  to  the  head  of  the  establishment  within 
three  months  from  receipt  of  the  approval  request.  He  may 
however,  by  decision  with  justification,  set  a  new 
deadline  if  required  by  examination  of  the  file. 

(1)  Concerning  the  installations  existing  on  the  date  of 
entry  into  force  of  the  decree  n*  79.846  the  heads  of 
establishment  had  to  prove  that  maintenance  of  these 
installations  in  their  present  condition  did  not  involve 
any  significant  risk. 

They  had  to  give  the  proof  thanks  to  a  safety  analysis 

carried  out  in  the  same  conditions  as  ^for  new  installations. 
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He  nay  also,  by  justified  decision,  request  the  head  of 
the  establishment  to  carry  out  or  to  have  carried  out,  at 
the  cost  of  the  company,  and  by  a  competent  organisation, 
additional  tests  necessary  for  thu  assessment  of  potential 
risks  and  of  the  effectiveness  of  the  planned  means  of 
protection. 

The  three-month  period  shall  begin  again  from  the  date 
on  which  the  district  Director  has  gained  familiarity 
with  the  results  of  these  tests. 

In  the  absence  of  an  answer  from  the  district  Director 
within  the  deadlines  set,  the  head  of  the  establishment  may, 
in  conditions  resulting  from  the  safety  analysis,  implement 
the  planned  operations.  Sould  be  dispute  one  of  the  decisions 
taken  by  the  district  Director  in  application  of  this 
Article,  he  shall  approch  the  Minister  reponsible  for 
Laoour,  for  decision. 

3.  The  procedures  are  defined  by  the  head  of  the  establishment 
in  accordance  with  the  conclusions  of  the  safety  analysis, 
and  shall  be  consigned  in  service  instructions. 

4.  Relying  on  the  conclusions  of  the  safety  analysis,  before 
implementing  the  operations  which  they  cover  and  after 
consultation  with  the  health  and  safety  committee  or, 
failing  this,  with  the  personnel  delegates,  as  well  as 

the  workers'  delegates  for  safety  where  they  exist,  the  head 

the  establishment  shall  establish  : 

General  safety  regulations  ; 

Regulations  concerning  each  pyrotechnic  room  j 

...  ..^-..red,  special  regulations  specific  to  each  work 

location  or  station. 

5.  The  general  safety  regulations  of  the  establishment 

h -vo  to  include  the  same  prescriptions  as  those  enacted 
by  the  previous  decree,  plus  the  prohibition  to  proceed 
to  pyrotechnic  premises  for  operations  not  covered  by 
instruction  or  regulations  in  force  and  measures  to  be 
observed  for  the  movement  of  personnel  within  the  pyrotechnic 
enclosure . 

The  regulations  concerning  each  pyrotechnic  room  shall 
specify  the  same  rules  as  previously,  with  some  precisions. 

Likewise  the  instructions  specific  to  each  pyrotechnic 
work  location  or  station  shall  specify  the  previous  rules 
concerning  equipment  for  individual  protection  and  hand 
tools,  plus  mobile  equipment. 
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6.  In  the  establishments  covered  by  this  Decree ,  the 
safe  distance  between  two  buildings  or  installations  of 
the  pyrotechnic  enclosure,  and  between  one  of  these 
buildings  or  installations  and  a  building  or  installation 
outside  the  pyrotechnic  enclosure,  shall  be  such  that  the 
transmission  or  propagation  of  an  accident  is  highly 
improbable,  and  that  in  case  of  accident  sustained  by  a 
building  or  installation,  the  employees  other  than 
those  who  are  found  therein  shall  be  subject  to  a  limited 
risk. 

If  a  building  has  a  blast  discharge  fagade,  no  other 
building  shall  be  placed  facing  this  fagade  unless  it 
is  suitably  protected. 

Ministerial  Orders  set  the  requirements  applicable 
for  determining  the  minimum  safe  distance  to  be  observed, 
taking  account  of  the  type  and  quantity  of  exp'.oslble 
materials  and  objects,  the  activities  performed,  and  the 
natural  or  artificial  protection  systems  which  may  exist 
between  the  buildings  or  installations. 

7.  The  head  of  establishment  has  moreover  to  satisfy  a 
number  of  means  obligations  which  concern  the  same  points 
as  previously,  plus  x 

-  doors,  windows  and  stairways 

-  personnel  movements 

-  air-conditionning 

-  ventilation 

-  risks  of  electrostatic  origin 

-  transport  and  storage  within  the  establishment 

-  training  and  information  of  personnel. 

A  number  of  previous  obligations  are  determined  more 
precisely  and  completed. 


2.2  -  THE  MINISTERIAL  ORDER  OF  THE  26  th  OF  SEPTEMBER  1980 


The  Ministerial  Order  of  the  26^  of  September  1980 
has  been  edicted  to  fix  the  rules  for  determining  safe 
distances  pertaining  to  explosive  and  pyrotechnic  installations 

In  the  same  time  it  gives  a  safety  analysis  methodology 
and  it  supplies  criteria  able  to  quantify  the  danger  for 
each  exposed  site  (E.S.)  in  the  vicinity  of  a  potential 
explosion  sil:e  (P.E.S.)  and  also  to  fix  minimal  levels  of 
pyrotechnic  safety  for  each  E.S*. 
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First, the  head  of  establishment  has  to  classify  each 
explosive  material  or  object  produced  or  handled  in  his  factory 
in  a  risk  division  of  the  UNO  class  I  and,  if  applicable,  in 
a  compatibility  group.  This  classification  must  be  made  by 
using  a  series  of  tests  and  by  taking  account  of  effective 
specific  operating  conditions,  for  example  confinement  of 
a  material  in  a  machine. 


Second, he  must  determine  the  danger  tones  generated 
around  each  P.E.S.  with  reference  to  the  classification  of 
five  danger  zones  Zl,  Z2,  Z3,  24,  ZS  defined  by  the  Order 
and  by  calculating  distances  by  the  means  of  formulae 
given  by  this  Order  for  each  type  of  dangerous  effect 
(explosion  in  mass,  projection,  heat  radiation).  Of  course 
this  distances  shall  be  increased  if  specific  conditions  are 
liable  to  aggravate  the  danger  or  may  be  reduced  if  the 
land  configuration  or  the  installation  of  effective 
protection  systems  reduce  the  gravity  of  the  danger. 


Third, the  probability  of  a  pyrotechnic  accident  shall 
be  estimated  in  each  elementary  pyrotechnic  installation 
with  reference  to  five  degrees  PI,  P2,  P3,  P4  et  P5 
(extremely  rare,  very  rare,  rare,  fairly  frequent  or 
frequent) . 


Fourth, the  different  categories  of  installations  to 
be  protected  against  the  effects  of  a  pyrotechnic  accident 
liable  to  occur  in  an  elementary  pyrotechnic  installation 
"ao"  have  to  be  listed  and  classified  "ai",  "a 2 "  or  "83". 


Fifth,  the  triplet  (ajc,  Zi,  Pj)  determines  the  quantified 
pyrotechnic  risk  generated  by  each  P.E.S.  "ap"  against  it 
vicinity  of  E.S,  "akM  and  it  permits  at  the  same  time  to 
know  with  precision  and  objectivity  and  to  announce  the 
residual  pyrotechnic  risks  to  be  generated  by  the  new  activity. 


Sixth, the  head  of  establishment  shall  verify  that  such 
residual  pyrotechnic  risks  are  not  greater  than  the  minimal 
safety  levels  required,  which  are  given  in  a  table  of 
"installation  layout  conformity  "under  the  form  of  triplets 
(ak,  Zi,  Pj) .  If  not  he  has  to  modify  his  project  with  the 
aim  to  obtain  the  conformity  required  by  the  new  safety 
regulation. 
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Zt  it  important  to  noto  that  auoh  a  me  thodo logic  step 
answers  an  essential  obligation  of  results  required  by  the  new 
French  safety  regulation,  letting  liberty  for  the  neans  to  achieve  it. 


Moreover  and  parallely  the  head  of  establishment  has 
to  consider  the  security  of  the  different  persons  present 
in  each  P.E.S.  and  to  limit  their  number  in  each  Nao*  relating 
with  the  gravity  Zj.  and  the  probability  P j . 


The  entire  text  of  the  Ministerial  Order  is  annexed  to 
this  paper. 


2.3  -  THE  MEMORANDUM  OF  THE  9  th  OF  MAT  1981 


The  Directorate  of  Labour  Relations  at  the  French 
Ministry  of  labour  has  published  in  may  1981  a  memorandum  which 
was  intended  to  supplement  and,  where  applicable,  to  discuss 
some  of  the  provisions  of  the  Ministerial  Order  edicted 
the  year  before. 


This  memorandum  gives  on  that  occasion  a  lot  of  advices 
which  are  precious  for  carrying  out  the  safety  analysis  ? 
they  concern  mainly  : 


-  the  classification  of  explosive  materials  or  objects,, 
the  tests  and  the  inclusion  procedure 

-  protective  sy^'.oms  and  reduction  of  the  danger  zones  Zi 

-  estimation  of  the  probability  Pj  of  pyrotechnic  accident 

-  risk  analysis  of  propagation  in  case  of  a  pyrotechnic 
accident. 


342 


3.  -  BENEFITS  AND  DISADVANTAGES  TO  GET 
OUT  OF  THE  JBNFORCEMENT  OF  THE  NEW 
REGULATION 


FROM  THE  POINT  OF  VIEW  OF  THE  FRENCH  NATIONAL  AUTHORITIES 


1  -  Expected  benefits 

French  national  authorities  expected  some  important 
benefits  in  the  matter  of  protection  of  the  workers  : 

a)  a  reduction  of  the  probability  and  gravity  of  the 
pyrotechnic  accidents  thanks  to  up-to-date  technical 
means  obligations. 

b\  an  other  similar  reduction  owing  to  better 
preliminary  risks  analysis  in  the  new  framework  of 
required  safety  analysis  inducing  better  specific 
safety  regulations  and  safer  procedures. 

c)  a  working  participation  of  the  health  and  safety 
committees  in  the  safety  analyst s. 

d)  the  possibility  to  appreciate  the  quality  of  the 
risk  analysis  work  carried  out  by  the  heads  of 
establishment  and  the  safety  measures  flowing  from  it, 
owing  to  the  study  of  the  submitted  documents. 

e)  a  better  knowledge  by  heads  of  establishment  and 

in  consequence  by  French  authorities  of  the  pyrotechnic 
residual  risks  thanks  to  the  new  and  original  means 
of  quantification  by  the  triplet  (a*,  Z^,  Pj) . 

f)  the  correlative  ability  to  enforce  the  respect  of 

minimal  pyrotechnic  safety  levels  inside  each 
potential  explosion  site  "ao"  and  at  each  exposed 
site  in  the  vicinity. 


2  -  Obtained  benefits  six  years  after 

The  study  at  the  French  Inspectorate  for  Explosives 
and  Propellants  of  several  hundreds  of  safety  analyses 
carried  out  by  heads  of  establishment  since  1980  allows 
this  authority  to  think  that  most  people  are  able 
now  to  make  good  safety  analyses  by  the  new  way  and 
correlative ly  to  reduce  adequately  the  pyrotechnic 
risks  in  their  factory  and  to  announce  in  the  same  time 
the  quantified  residual  pyrotechnic  risks. 


In  snore  and  more  establishments  the  health  and  safety 
committee  contributes  to  day  diligently  and  profitabily 
to  carry  out  good  safety  analysis. 

Tho  task  of  verification  by  the  French  authorities  of 
the  pyrotechnic  safety  levels  thanks  to  the  examination  of 
submitted  documents  appears  easier  and  more  interesting  than 
before  1960. 

Tho  final  aim  consisting  in  the  respect  by  the  head 
of  establishment  of  quantified  minimal  safety  levels 
and  the  verification  of  this  respect  by  the  national 
authority  is  reached.  However  a  number  of  years  of 
suoplementary  practice  will  be  necessary  to  be  sure  of 
result ,  more  especially  in  the  matter  of  pyrotechnic 
disasters. 

3.1.3  -  Appeared  disadvantages 

To  study  and  to  verify  all  the  files  of  new  type  is 
a  hard  task  to  perform  by  the  French  Inspectorate.  Further 
this  task  was  notably  made  more  difficult  during  tha 
first  years  because  there  were  a  number  of  insufficiency 
in  the  form  and  the  matter  of  this  files. 

Moreover  this  task  was  largely  made  heafier  in  the 
same  time  because  many  heads  of  establishment  submitted 
in  addition  for  approval,  safety  analysis  carried  out  for 
the  installations  existing  on  the  date  of  entry  into  force 
of  the  new  regulation  (1) . 

It  is  not  always  easy  to  appreciate  the  contents  of 
safety  analysis  from  a  Parisian  office  and  by  reading 
a  file.  Happily  the  Inspectorate  engineers  are  in  contact 
wj  th  the-  “.anufacturers  and  they  go  periodically  in  the 
establishments  to  make  visits  of  safety  inspection. 

A  number  of  divergences  also  appeared  for  interpreting 
some  technical  points  of  the  new  regulation.  The  French 
Inspectorate  tried  to  solve  this  delicate  problem  and 
to  constitute  a  jurisprudence. 


(1)  Such  safety  analysis  had  not  to  be  submitted  for 

approval  but  French  authorities  accepted  to  deal  with  them 
like  with  the  others  with  te  view  to  aid  the  heads  of 
establishment. 
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The  practice  of  the  new  regulation  has  quickly  shown 
that  the  criteria  which  had  been  chosend  in  the  Ministeral 
Order  with  the  view  to  determine  the  projection  danger 
zones  were  not  appropriate  to  many  real  situations, 
for  example  explosion  of  a  tank  full  of  explosives  or 
bursting  of  a  missile  propelling.  The  French  authorities 
will  have  to  ameliorate  the  present  regulations. 


FROM  THE  POINT  OF  VIEW  OF  THE  MANUFACTURERS 
1  -  Found  disadvantages 

Many  heads  of  establishment  think  that  it  is  a  very 
heavy  task  to  carry  out  safety  analysis  by  the  new 
method  and  to  constitute  the  corresponding  files.  It 
needs  much  time  . . .  and  time  xs  money  ! 

The  enforcement  of  the  new  regulation  has  incited 
a  number  of  manufactures  to  design  and  to  construct  new 
types  of  pyrotechnic  buildings.  These  new  constructions 
are  certainly  more  r  xre  for  the  workers  but  they  are 
also  certainly  more  expensive  to  build. 

The  new  regulation  has  created  a  hard  requirement 
concerning  the  classification  of  each  material  or 
object  produced  or  handled. 

To  execute  seriefe  of  tests  with  taking  account  of  all 
the  effective  specific  operating  conditions  induces 
sometimes  to  make  a  very  great  number  of  experimentations 
which  consume  much  time  and  money. 

The  time-limit  of  three  months  allowed  to  the  French 
authorities  to  examine  the  files  and  to  agree  or  not,  is 
not  always  quite  compatible  with  good  fulfilment  of 
contracts  and  commercial  dynamics. 

The  pertinence  of  some  technical  criteria  fixed  by  the 
Ministerial  Order  has  been  contested,  more  specially 
the  criterion  to  determine  the  projection  danger  zone 
and  the  scale  with  five  degrees  of  probability. 

1 2  -  Observed  benefits 

To  have  to  try  to  determine  all  the  possibilities  of 
pyrotechnic  accidents  induces  deeper  thoughts  of  the 
responsible  hierarchic  line. 


To  have  to  receive  a  preceding  safety  approval  for  a 
new  installation  brings  the  manufacturer  to  integrate 
sooner  and  better  the  pyrotechnic  safety  in  his  project. 

To  have  to  classify  the  materials  and  objects  with 
taking  account  of  the  effective  specific  operating 
conditions  induced  many  safety  trials  and  will  increase 
the  knowledge  of  real  explosive  risks. 

Last  but  not  least,  the  existence  of  official 
safety  criteria  utilizable  by  the  heads  of  establishment  for 
recognizing  in  advance  the  character  acceptable  or  not 
of  a  situation  in  the  matter  of  explosive  or  pyrotechnic 
safety  appears  more  and  more  like  a  precious  tool  for 
design,  for  management  and  social  dialogue. 


ANNEX  to  the  paper  of  R.V.  AMIABLE 


HXNxsncr  or  iabour  and  participation 


KOLBS  FOR  DETERMINING  SATE  DISTANCES 
PERTAINING  TO  PYROTECHNIC  INSTALLATIONS 


t{ *03  -43/0 


The  Mini*  ter  of  the  Interior,  the  Hilda  ter  of  Defence,  the  Wide  ter 
of  the  Environaent  end  Quality  of  Ufa,  the  Minlater  of  Labour  and 
Participation,  the  Minister  of  Industry  and  the  Minister  of  Transport, 

»  ' 

Considering  Chapter  III  of  Book  II  of  tha  Labour  Coda,  especially 
Article  L.231-2  {§  2)i 

Considering  Lew  Ho.  70-375  of  3  July  1970  concerning  reforms  of  the 
regulations  governing  gunpowders  and  explosive  substances. 

Considering  Lev  No. 76-663  of  19* July  1976  concerning  instelletlons 
classified  for  the  protection  of  the  environment! 

Considering  Decree  No. 79-846  of  28  Septeaber  1979  concerning  public 
administration  regulations  governing  the  safety  of  workers  against 
special  risks  to  which  they  are  subjected  in  pyrotechnic  establishments, 
end  especially  Articles  2,  3,  14  end  27 1 

Considering  the  opinion  of  the  Commission  on  Explosive  Substances, 

Considering  tha  opinion  of  tha  Blgher  Council  on  the  Prevention  of 
Occupational  Hazards, 

'allowing  t 


SECTION  |  GENERAL 


Article  1 

3 

The  present  Ministerial  Order  applies  to  til  establishments  or  parts  of 
ostablishaents  covered  by  Article  1  of  Deeres  No, 79-646  of 
28  Septsabsr  1979  mentioned  above. 

It  sets  ths  rules  to  be  observed,  in  accordance  with  tha  provisions  of 
Article  14  of  the  above -mentioned  Decree  No. 79-846,  for  deterainlng  safe 
distances  to  be  aalntained  between  two  Installations  when  one  o'  the*  a*.* 
be  the  s^turee  of  a  pyrotechnic  accident. 
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Tht  tens  "installations*  applies  to  work  locations ,  workshops,  depots, 
storerooms,  located  inside  or  outside  a  pyrotechnic  enclosure,  as  well 
as  structures  or  potential  sites  of  human  activities  located  in  their 
environment,  and  belonging  to  a  pyrotechnic  establish  sent  or  not. 

The  ten  pyrotechnic  accident  is  applied  to  any  «g»losion«  eeabustion  or 
decomposition  of  explosibls  naterials  or  objects  not  resulting  from  the 
normal  operation  of  the  installation  where  it  occurs*  and  liable  to  cause 
personal  Injury  and  property  damage. 


Article  2 

The  safe  distances  to  be  maintained  between  the  installations  mentioned 
in  Article  1  above  vary  according  to  the  type  and  quantity  of  explosible 
materials  or  objects  Involved,  the  types  of  opsration  performed  on  these 
materials  or  objects,  and  the  effectiveness  of  the  protective  systems 
placed  between  the  installations. 

Xn  this  Ministerial  Order*  they  are  considered  ns  depending  on: 
i\)  .  The  gravity  of  the  effects  of  a  pyrotechnics  accident. 


(2)  The  probability  of  such  an  accident. 


Article  3 

Explosible  materials  or  objects  w'  .  up  Class  1  of  dangero  us  goods  and 
are  classified  as  follows * 

by  risk  divisions*  depending  on  the  types  of  effect  of  their 
explosion  or  their  combustion*  or  according  to  their  degree  of 
sensitivity, 

compatibility  groups,  according  to  the  specific  type  of  additional 
risk  which  they  may  incur  when  in  the  presence  of  materials  or 
objects  belonging  to  other  groups. 
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A  USX  DIVISIONS 

Ac  tide  4 

The  risk  divisions,  numbered  from  t  to  S«  each  Include  materials  or 
object*  whose  characteristics  are  given  in  the  following  table. 


Classification  of  explosible 
materials  or  objects  in 
risk  divisions 

Class  Division  charactarlstlcs  of  materials  or 

number  number  objects  in  the  Division 


1  1 


2 


3 


4 


Materials  or  objects  essentially  Involving  a 
danger  if  explosion  In  mass,  l.e.  affecting 
nearly  the  total  charge  practically 
Instantaneously. 

Materials  or  objects  involving  a  danger  of 
projection  but  not  a  danger  of  explosion  in 
aass. 

Materials  or  objects  involving  a  danger  of  fire 
vi4^  minimal  danger  by  blast  and  projection 
effects,  but  not  exhibiting  any  danger  of 
explosion  in  mass. 

lftis  Division  includes  the  following: 

Cub-Division  3a,  consisting  of  Materials 
or  objects  whose  combustion  gives  rise  to 
considerable  heat  radiation, 

Sub-Division  3b,  consisting  of  materials 
or  objects  that  burn  fairly  slowly,  or  of 
which  soae  burn  after  the  othe.  ?,  with 
minimal  blast  and  projection  ixfects. 


Materials  or  objects  not. involving  very 
significant  dangers,  designed  or  packaged  ao  at 
to  axhlblt  a  relatively  minor  danger,  or  whose 
effects,  in  case  of  firing  or  priming,  do  not 
give  rise  to  the  projection  of  fragments  of 
appreciable  dimensions,  and  remain,  in  all  caaas, 
sufficiently  small  to  avoid  significantly 
hindering  fire-fighting  operations  and  tha 
application  of  emergency  measures. 


continued 
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.  Class  Division 
nuaber  nuaber 


characteristics  of  aaterlals  or 
objects  in  the  Division 


S  Materials  which  are  as  dangerous  as  those  of 

Division  2  if  they  explode*  but  which  are 
relatively  insensitive.  These^ notarial* 

display  a  very  low  probability  ef'ptiaing  and 
passage  fro*  combustion  to  detonation,  unless 
they  are  found  in  large  amounts  in  a  confined 
space. 

They  shell  not  explode  under  the  external  fire 
explosion  teat. 


Article  5 

The  classification  of  explosible  materials  or  objects  in  a  risk 
division  may  depend  on  their  packaging,  and  particularly  on  the  type  of 
packaging  employed. 


B  COMPATIBILITY  GROUPS 


Article  6 

Each  of  the  compatibility  groups  is  designated  by  a  capital  letter: 

A,  >,  C,  D,  2,  F.  C,  B«  J  or  X. 

Two  other  group#  with  special  properties  arc  added  to  thea,  designated 
l  and  S  respectively. 

The  composition  of  these  different  groups  is  given  In  the  following  table. 
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I 

i 

I 


Classification  of  axploslbla 
Materials  or  objects  in 
compatibility  groups 
and  possible  classification  codes 

description  of 

group  explosible  Materials 

designation  or  objects  in  the 
group 

A  Primary  or  priaing  1.1 A 

explosive,  i.e.  material 
which,  even  in  saall 
quantities,  detonates 
under  the  action  of  a 
flame,  friction  or 
slight  impact. 

B  Object  containing  1.1B  1.2B  1.4B 

primary .  explosive. 

C  Secondary  low  explosive  1.1C  1.2C  1.3C  1.4C 

(with  the  exception  of 
black  powder)  or 
propellant  explosive  or 
object  containing  auch 
e  material. 

D  Secondary  high  explosive,  1.10  1.2D  1.40  1.50 

or  object  containing  auch 
an  explosive  without 
built-in  priming  devices 
and  without  propellant 
charges,  or  non-bulk 
black  powder  in  closed 
peeking  acceptable  for 
transport. 

E  Object  containing  a  1.1E  1.2E  1.35  !.4E 

secondary  high  explosive 
without  built-in  priming 
devices  with  propellant 
charges,  with  the 
exception  of  those 
containing  an  inflammable 
liquid  (classified  under  J) 

*and  those  which  contain  e 
hypergol  liquid  (classified 
under  L) . 


continued 
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risk  divisions  . 


classification  codas 


PrT! 


group  uploalblt  neterlals 
toipMtlM  or  objects  la  tN 
.  »*«* 


risk  llvliiwa 
1.1  1.2  1.2  1.4  l.S 

classification  codas 


F  Object  containing  1.1F  1.2F  1.3F  1.4P 

secondary  high  explosive 
with  built-in  pricing 
davicaa  ar.d  with  or  without 


poropallant  charges,  with 
the  exception  of  those 
containing  an  tnfl— >Me 
or  nypargol  liquid. 

6  Pyrotechnic  composition  1.1C  1.26  1.3G  1.46 

or  object  containing  such 
a  composition  or' object 
containing,  togathir  with 
another  explosible  aeterlal, 
a  lighting,  incendiary, 
tear-inducing  or  saeke- 
producing  conpor  ltion , 
with  the  exception  of  any 
hydroactive  object 
(classified  under  L)  cur 
one  containing  vhita 
phosphorus  (classified 
under  ■)  or  one  containing 
an  inf  leasable  liquid  os 
gol  (classified  under  J).. 

B  Object  containing  both  an  1.2B  1.3H 

explosible  material  and 
white  phosphorus. 

J  Object  containing  both  an  1.1J  1.2J  1.3J 

explosible  notarial  and 
an  lnflaceable  liquid  or 

gel. 

K  Object  containing  both  an  1.2X  1.3K 

explosible  aeterial  and  s 
toxic  chemical. 

continued 
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risk  divisions 


ofliikl*  Materials 
or  ebjwts  in  the 


1.1  1.2  1.3  1.4  l.S 


elsssifiestioo  osdos 


L  Materiel  or  object  which  1.1L  1.21,  1.3L 
suit  bs  iso Is  tod  Iron 
any  other  Material  or 
sbjwt  of  a  dilfamt 
typo.  i.o.  om  which 
Ini  sot  lava  tbs  sum 
proportion  or  the  mm 
ooopononta.  Block 
powder  in  bulk  orln 
potting  not  acceptable 
fat  transport. 

S  notarial  or  object  packod  1.4S 

or  dsalgosd  In  ouch  a 
ai&Btr  that  all  tbo  offsets 
dot  to  accidental  aporation 
only  exhibit  a  Minor  dong  or 
and  ranain  within  ths 
packing  or  do  not  affaet 
its  ionsdists  vicinity. 


Artie Is  7 

tutorials  or  objacts  in  droops  A  to  I,  JaadK  cannot  ba  storad  in  tba 
Sana  dopot  if  they  belong  to  different  gonpaUhillty  groups. 

However,  different  groups  of  those  asterials  or  objects  nty  ba  placed 
in  a  depot  of  the  establishment  If  suitable  aeaeures  ar,<  taken  to  avoid 
any  transnlsslon  of  a  pyrotechnic  Occident  between  those  differ  ant  groups. 

tutorials  or  objacts  in  Group  l  shall  be  separated  if  they  are  of 
different  types,  and  shall  not  bo  placed  together  with  Materials  or 
Objacts  belonging  to  apgther  group. 

H 

Materials  or  objects  in  Group  S  nay  bs  stored  with  Materials  or  objects 
of  all  the  other  groups,  with  the  exception  of  Groups  A  and  t. 


> 
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e  ctMssrscNRON  woaami 


tetleia  0 

The  procedure  for  inclusion  in  Class  1  and  classification  in  a  risk 
division  and*  if  applicable*  in  a  compatibility  group*  involves  a 
•arias  of  tests  performed  byt 

«  an  organisation  approved  by  the  Minister  responsible  for 
Industry* 

.  under  the  responsibility  of  the  manufacturer.  provided  that  the 
installations  and  nethods  employed  for  these  tests  have  be«n 
inspected  within  the  two  previous  years  by  an  organisation  approved 
by  the  Minister  responsible  for  Industry* 

•  a  service  appointed  by  the  Ministry  of  Defence  in  the  establiehnents 
under  hie  jurisdiction. 

This  procedure  is  applicable  to  exploalble  materials  or  objects  which  are 
not  classified  or  insufficiently  known. 

The  final  classification  shall  not  be  altered  without  justification. 

Such  justification  shall  be  provided  by  the  safety  analysis*  which  shall* 
in  particular*  take  account  of  off  active  specific  operating  conditions. 


SECTION  3  POTENTIAL  RISKS 


1  Classification  of  danger  rones 


Article  9 

In  each  elementary  pyrotechnic  installation*  l.a.  in  each  work  location 
situated  outdoor*  or  in  a  roc*,  isolated  or  forming  part  of  a  workshop* 
depot  or  etorercoa,  and  containing  a  charge  of  exploalble  materials  or 
objects,  this  charge  is  at  the  source  of  danger  sones  broken  down  into 
the  five  categories  indicated  below,  classified  according  to  the  probable 
gravity  of  the  dangers  which  they  incur  for  persons  and  property. 
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designation  _ 
of  son*  1 


I) 


*2 


r 

>0  t, 


fonimbli  aortal 
person si  injury  in 

injury  corn  than 

50%  of 
essos 


serious  injuries 
injuries 
which  any 
be  aortal 


poss¬ 

ibility 

of 

injuries 


eery  low  I 

possibility 
of  slight 

injuries  ! 

I 

\ 


foreseeable  eery  serious  overage  slight  very 

property  serious  dosage  ond  dosage  slight 

doooge  dosage  slight  dasogc 

dosage 

-  -  -  - - * _  -  - 


5  Area  of  donoer  tones 


Article  10 

The  area  of  danger  tones  depends  essmtlolly  on  the  lend  configuration, 
the  protective  systems  installed,  and  on  the  type  and,  in  particular, 
the  risk  division  of  the  exploslble  sater inis  or  objects  giving  rise  to 
the  dangers. 


Article  11 

Inc  cL.kw4r.:«&  h  (express**.  in  metres/ ,  indicated  in  this  Article,  the 
limits  of  danger  zones  with  a  charge  of  am  Q  (expressed  in  kilograms) 
of  explosibl*  sateriala  or  objects,  placed  at  ground  level,  are  defined 
ir.  a  normal  atmosphere,  l.e.  in  teaperature  end  pressure  conditions 
about  IS  *C  and  1013  slllibars,  above  e  flat  ground  without  special 
protection. 

Measures  taken  in  the  application  of  Artlelo  2  of  Law  Ho. 70-575  of 
3  July  1970  way  allow  lower  values  of  these  distances  if  the  safety  of 
workers  le  not  affected. 


Article  11.1  Case  of  •  charge  of  sateriala  or  objects  of  Division  1.1 


designation 
of  sone 


*. 


distance  A 
(roe  the 

charge  of  •  <  a,  <  sq»/» 

mass  Q 


<  R,  <  »Q'* 


<i,<  »a  q*/» 


<  B,  < 


<  n.  <  «q  /* 


9*9  M*i  Q  UiM*  t»  Imcmu  is  tbs  HBtn  of  tbs  danger  teats  Mind 
ifcowi  bait  *t  My  paint  «ktn  a  detonation  it  liable  t*  ceuse  ethsr 
detonations  slant  atnu)tansoualy,  Q  mmats  the  ca  of  tin  mum 
liable  t»  detonate  aiarat  liaslUswtkly. 


Detonations  axa  nU  to  be  alant  slnal  teneoua  if  they  Mlw  aach 
•ther  sufficiently  closely  (at  tine  intervals  stain  Billiseconds)  to 
ftodoco  a  peak  arapnawn  at  a  point,  which  is  gmtu  than  that  of 
those  that  they  raid  produce  if  they  occurred  separately. 

ft  is  stsuoad  that,  la  flat  land  without  apacial  protection,  the 
detonation  of  a  ness  Qt 

•  causes,  within  a  radius  at  "  .O.SQ^*, 

•  nay  causl,  within  a  radius  It  * 
if  there  is  a  risk  of  projection, 

the  noarly  simultaneous  detonation  of  any  mu  liabia  to  datotiata. 


hrticla  11.2  Case  ©f  a  charge  of  materials  or  objects  in  Division  1.2 


(a)  Q  *  100. 

(b)  10  <  Q  <  100  *  the  dietancea  shown  in  the  table  below  nay  be 
reduced  by  one-third. 

(c)  Q  <  iOt  the  limits  of  danger  sonea  shall  be  determined  by  a 
special  study. 

In  eases  (?’  '*■'  *•“*  f~%  examined  above,  Q  represents  the  net  mass  of 

explosible  materials,  with  the  exception  of  containers. 

If  the  meterlais  or  objects  exhibit  both  a  danger  of  explosion  in  snss 
and  a  major  risk  of  projection  (over  ISO  grams  sore  than  15  metres),  the 
danger  sones  to  be  considered  are  the  largest  of  those  which  have  been 
determined  for  these  materials  or  objscts  considered  as  belonging  tot 

•  Division  1.1, 

•  Division  1.2. 
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Assignation 
•f  son* 


(1)  Zn  cut  of  MitloM  o f  calibre  f  60  an  or  in  case  of  tin  risk 
of  projection  of  aoc*  titan  ISO  grans  ovor  nor*  than  15  natraa, 
without  tha  risk  of  projsctlona  of  osar  250  grans  onr  aora  than 
IS  natrast 


s<  a*  c  »»  I 

<*<» 

<h<m 

l< 

1 

^  I  I  *  m  I  sahVso*/* 

oargt  of  ' 

asms  Q 

(2)  In  casa  of  asnltlons  of  calibre  >  SO  m  or  la  eve  of  the  risk 
of  projection  of  over  250  grass  over  aora  than  IS  aa treat 

distance  h  •  <  s,  <  »  t  <  a. «  m  i  <  a,  <  m  <».<  ng»*  |  <  a.  c  m  V* 
frootha  ®V* 

charge  of  |  |  m 

aass  Q 


Article  11.2  Ossa  of  a  charge  of  aatarlala  or  objects  in  Division  1,2 


(1)  In  ease  of  aatarials  or  objects  in  Sub-Division  1.3a: 
distance  k 

frootha  #  <  n,  <  si  tj»/»  |  <»,  |  <  *,  <  »Qv*  I  <  t 

charge  of 
aass  Q 

(2)  In  ease  of  aaterials  or  objects  in  Sub-Division  1.3b: 
distance  h 

froo  the  •  <  ft.  £  u>Q /J  j  <*i*sqv»  i  <«,<UQ'-'  i 

charge  of 
aass  Q 


this  ease  does  not  include  sons  X$. 


pyrotechnic  accident  shall  hs  eatlmated  «utd  designated  respectively 
by  Pj»  *i«  fj»  and  #|i  according  to  whether  the  probability  of 
such  aa  accident  la  extremely  tart,  vary  rare,  rare*  fairly  frequent 
or  frequent. 


e  evaluation  or  mortar*  xc  vsxs 

i 


Article  *14 

tfttanever  specified,  and  especially  in  cases  discussed  in  Article  3  of 
Decree  No. 79-144  of  39  September  1979  oenUened  above,  the  safety 
analysis,  aeecopuJLed  by  all  valid  justifications,  determines  the 
following  for  each  elementary  pyrotechnic  installation. 

(a)  Classification  of  eiQleslble  satcriala  or  objects  in  tha 
appropriate  risk  division  or  Bsd>-di vision. 

(b)  The  resulting  danger  tones,  with  due  consideration,  if  applicable, 
of  specific  explosive  properties  of  thest  materials  or  objects,' 
and  taking  account  of  planned  measures  or  prevailing  conditions 
likely  to  reduce  or  to  aggravate  the  danger,  and  in  particular, 
the  Installation  of  protection  systems  such  as  earthworks,  walls 
or  shields. 

(c)  The  estimated  probability  of  a  pyrotechnic  accident  and  the 
measures  taken  to  avoid  the  transmission  of  such  an  accident 
between  elementary  pyrotechnic  installations,  or  even  within  such 
an  installation,  when  it  contains  materials  or  objects  of 
different  compatibility  groups. 


! 


| 


SECTION  4  MAXIMUM  ALLOWABLE  RISXS  IN  DANGER  IONS 


A  INVENTORY  CT  INSTALLATIONS  TO  BE  PROTECTED 


Article  IS 

The  table  below  defines  the  different  categories  of  installations  to 
be  protected  against  the  effects  of  s  pyrotechnic  accident  liable  to 
occur  in  an  elementary  pyrotechnic  installation  which,  with  its  access 
roads  and  auxiliary  structures  Which  are  indispensable  in  its  Immediate 
vicinity,  is  ussignated  a®. 
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Article  11.4 


Cut  of  a  charge  of  materials  or  object*  In  Division  1.4 


«u«rignation 
of  sons 

*2  *1 

*«. 

distance  X  from  the 
charge  of  mar*  Q 

•  <*,  <ie 

••»<*>  *  >  *  1 

<  <  » 

This  case  does  not  include  tones  Xj  and  2$. 

Materials  o*  objects  of  type  1.4S  do  not  involve  greater  dangers  than 
those  of  rones  Z^. 


Article  11.5  Case  of  a  charge  of  meterials  In  Division  1.5 

The  danger  sones  are  the  seat  as  those  determined  in  the  case  of  a 
charge  of  aaterials  or  objects  in  Division  1.1. 


Article  12  . 

Zn  normal  temperature  and  pressure  conditions  above  flat  land  and  without 
protection,  the  distances  from  the  explosible  charge  which  shall  be  taken 
as  limits  of  zones  2j,  Z2»  Z3,  Z4  and  Z5  are  those  indicated  in  Article  11 
<ibove,  unless  the  specific  explosive  properties  of  the  charge  justify  a 
different  evaluation  of  the  area  of  the  danger  sones  defined  in  Article  9 
above . 

These  distances  shall  be  increased  if  specific  conditions  prevail  which 
are  liable  to  aggravate  the  danger. 

They  may  ba  reduced  if  the  land  configuration  or  the  installation  of 
e  ictive  protection  systems  reduce  the  gravity  of  the  danger. 


B  PROBABILITY  OF  A  PYROTECHNIC  ACCIDENT 


Article  13 

In  each  elementary  pyrotechnic  installation,  depending  on  the  types  of 
explosiblo  materials  or  object*  which  may  be  found  therein,  and  the 
types  of  r  ation  which  arc  performed  therein,  the  probability  of  a 
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type 

of 

installation 

characteristics 
of  each 

Installation  category 

classi¬ 

fication 

.symbol 

(a)  Structures  or 
locations  inside 
a  pyrotechnic 
establishment. 

(1)  Pyrotechnic  Installations  (work 
locations,  workshops,  depots, 
storerooms)  and  their  aeeess 
roads  and  auxiliary  structures 
which  era  indispensable  in  the 
near  vicinity  of  sq. 

•l 

(2)  Pyrotechnic  installations  not 
classified  "a}*.  Internal 

traffic  lanes. 

•2 

(3)  Non-pyrotechnic  buildings  and 
premises. 

•3 

(b)  Traffic  lanes 
outside  a 
pyrotechnic 
establishment . 

(1)  Slightly  travailed  lanes  in  which 
the  traffic  does  not  exceed 

200  vehicles  per  day. 

(2)  Travelled  lanes  in  which  the 
traffic  ranges  from  200  to  2000 
vehicles  per  day. 

*1 

b2 

(3)  Heavily  travelled  lanes  in  which 
the  traffic  is  equal  to  or 
greater  than  2000  vehicles  per  day. 

b3 

•■‘-uctures  or  (1)  Uninhabited  and  infrequently 

vocations  outside  visited  structures  (garden 

a  pyrotechnic  shelters ,  farm  sheds  etc;. 

establishment.  (2)  lnhabit#4  or  visited  premises 

related  to  the  establishment  or 
Isolated  duellings. 

ci 

(3)  Industrial,  eomaercial  or 
agricultural  installations  or 
inhabited  or  visited  premises, 
which  are  not  necessarily  related 
to  the  establishment.  Non- 

buried  water  supply  and 
distribution  Installations, 
electric  power  supply  and 
distribution  installations  such  as 
high  and  mediua  voltage  electric 
power  networks,  tanks  and  piping 
containing  Inflammable  materials, 
air  energy  production  and 
transmission  units  ate. 

continued 
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type 

characteristics 

Classi* 

of 

of  each 

ficatian 

installation 

installation  category 

syabol 

(c)  continued 

(4)  Gathering  places  of  persons 

CH 

(playgrounds.  religious  gathering 
places,  susrkets,  school,  hospitals 
etc) .  densely  built~up  areas .  tall 
buildings  and  buildings  fonsing  a 
curtain  wall. 

B  INSTALLATION  LAYOUT  REQUIREMENTS 


Article  16 

The  table  below  gives  the  possible  layout  of  the  different  categories 
of  installation  defined  above  in  each  danger  adne  characterised  bys 

(1)  Subscript  1  of  2±,  indicating  the  gravity  of  the  dangers 
incurred. 

(2)  Degree  j  of  probability  P*  of  a  pyrotechnic  accident  in  the 
installation  giving  rise  to  it. 


Pr-V  *'  V  ty  of  pyrotechnic  accident 


danger 

tone  *1 


**2 


*3  *k 


*5 


•« 

1 

M*) 

a#i”» 

1  see. .sees 

•» 

•» 

*,  C) ; 

•i  r*» 

•» 

a.  (*) 

J 

•i  hi  «i 

•i  •» 

•» 

•l 

a,  '•/ 

•* 

•» 

•i 

•> 

®i  *i 

•i  ki  «i 

•i  hi  •« 

•l 

*» 

•i  h  «* 

a,  a.  «£ 

•» 

•i 

•i 

«» 

•i  ti  «? 

5'  if'  *' 

*i  *i 

•l  *1  «l 

•|  Jl 

h  «* 

•l  kj  C; 

•>  h  e. 

•j  a.  *. 

•j  e* 

•i  h  « i 

•i  h  «a 

•*  h  a. 

•» 

continued 


361 


(*)  Indicate*  that  ths  personnel  required  to  operate  the  Installation 
concerned  shell  net  be  subjected  for  mors  then  10%  of  thsir 
working  time  to  risHs  equivalent  to  those  to  which  they  ere 
exposed  in  this  installation. 

(**) Indicates  that  no  person  shell  be  found  in  the  xone  end 

installation  concerned*  in  application  of  the  requirements  of 
Article  27  of  Decree  No  79-646  of  26  September  1979. 


The  number  of  persons  sllowsd  to  gather  simultaneously  in  tones  Z\  and 
2<i  shall  be  limited  to  the  minimum. 

The  number  of  persons  present  simultaneously  tliroughout  installation  a0 
exhibiting  a  probability  of  pyrotechnic  accident  greater  than  Pj  shall 
not  normally  exceed  5. 

The  Installations  «g(*)  located  in  >1*3  end  «((••}  In  may  be 
changed  respectively  to  eg  and  ag(*)  if  it  can  be  shown  that*  In  thess 
installations*  perceptible  signs  occur  providing  advance  warning  of  an 
accident  or  an  explosion*  such  as  abnormnl  emails  or  noises,  excessive 
overheating*  characteristic  smoke  etc*  providing  certain  foreknowledge 
of  the  imminent  occurrence  of  e  pyrotechnic  accident*  but  allowing  the 
personnel  in  danger  enough  time  to  leave  the  exposed  sons  in  complete 
safety. 


Article  17 

Any  area  common  to  two  danger  sones  belongs  to  the  sone  in  which  the 
possibilities  of  installation  are  the  least. 


Article  18 

The  foregoing  provisions  constitute  minimum  requirements  for  worker 
sefety,  and  do  not  waiyg  the  observation  of  any  other  regulation 
concerning  the  holding*  transport*  fabrication  and  use*  storage, 
analysis  and  experimentation  of  exploslble  materials  or  objects*  as 
well  as  their  destruction  and  possible  protection  against 
electromagnetic  radiation. 


c 


INSTALLATION  LAXOOT  PLAN 


Article  19 

The  limits  of  danger  rones  shall  be  noted  on  a  drawing  of  the  installation 
or  pyroteehnic  establishment  concerned  and  of  its  surroundings. 

This  drawing ,  appended  to  the  safety  file,  or  broken  down  in  the  different 
safety  analyses,  indicates  the  layout  of  the  different  installations  a:,d, 
for  each  installation,  the  estimate  of  the  probabilities  of  a  pyrotechnic 
accident. 

Zf  necessary,  this  drawing  shall  include  at, larged  drawings  of  sons  parts 
of  the  establishment,  in  order  to  distinguish  each  of  the  work  locations, 
workshops,  depots  and  storerooms  liable  to  os  the  source  of  a  pyrotechnic 
accident. 


Article  20 

The  Director*  of  Regulations  and  Legal  Hatters  of  the  Ministry  of  the 
Interior,  the  Director  of  Armaments  and  the  Chiefs  of  Staff  of  the  Army, 
Navy  and  Air  Force  at  the  Ministry  of  Defence,  the  Director  of  Prevention 
of  Pollution  at  the  Ministry  of  the  Environment  and  Quality  of  Life,  the 
Director  of  Labour  Relations  et  the  Ministry  of  Labour  and  Participation, 
the  Director  of  Industrial  Quality  and  Safety  at  the  Ministry  of  Industry, 
the  Director  of  Land  Transport  at  the  Ministry  of  Transport,  are  charged, 
each  in  his  own  area,  with  the  enforcement  of  this  Ministerial  Order, 
which  shall  be  published  in  the  Journal  Offlciel  of  the  French  Republic. 

Paris,  26  September  1980 


The  Minister  of  Labour  and  Participation, 
for  the  Minister  end  by  delegation: 

D.  Balmary  .......  The  Director  of  Labour  relations 

The  Minister  of  the  Interior, 
for  the  Minister  end  by  delegation: 

C.  Goudet . .  The  Director  of  Regulations  and  Legal  Matters 

The  Minister  of  befence, 

for  the  Minister  end  by  delegation: 

J.C.  Roqueplo . The  Director  of  Legal  Matters 

The  Minister  of  the  Environment  end  the 
Quality  of  Life, 

for  the  Minister  and  by  delegation: 

T.  Chambolie . The  Director  of  the  Prevention  of  Pollution 

The  Minister  of  Industry, 

for  the  Minister  end  by  delegation: 


F.  Rosciusko-Morizet  .  .  The  Director  of  Industrial  Quality  and  Safety 

The  Minister  of  Transport, 

for  the  Minister  and  by  delegation: 

C.  Collet . The  Director  of  Land  Transport 
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GAP  TESTS  AND  HOW  THEY  GROW 
Donna  Price 

Naval  Surface  Weapons  Center 
White  Oak,  Silver  Spring,  MD  20903-5000 


Abstract 

^^^vailable  data  from  four  different  gap  tests  were  compared.  The 
study  indicated  a  linear  relation  between  the  critical  gap  lengths 
(50%  point)  of  the  NOL  LSGT  and  those  of  each  of  the  other  three  tests, 
hence  a  linear  relation  for  any  pair  of  the  4  tests. 

On  the  other  hand,  the  approximate  equivalency  curve  hetween  the 
50%  gaps  of  the  NOL  LSGT  and  those  of  the  recently  developed  expanded 
LSGT  has  been  drawn  with  some  curvature.  The  reasons  for  this  are 
presented,  and  the  detonation  properties  leading  to  increased  size  of 
the  gap  test  are  described.  Finally,  the  recently  developed  ?super^ 
gap  test  is  compared  to  the  others  and  its  objective  considered, 

A 
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For  well  over  a  quarter  of  a  century,  gap  tests  have  been  used  to 
assess  the  relative  shock  sensitivity  of  explosives.  A  gap  test  consists 
of  an  explosive  donor  followed  by  a  solid  attenuator  followed  by  an 
explosive  acceptor,  the  test  material.  The  attenuator  thickness  is 
varied  until  detonation  occurs  in  50%  of  the  trials.  This  50%  point  or 
critical  thickness  measures  the  relative  shock  sensitivity  in  the 
particular  test  configuration.  The  test  may  be  confined  or  unconfined, 
calibrated  or  uncalibrated,  witnessed  by  steel  plate  or  pipe  or  other 
explosives.  In  fact,  the  test  had  no  sooner  been  invented,  than  various 
experimenters  started  modifying  it  until  now  dozens  of  gap  tests  exist. 

Recently,  however,  an  additional  complication  has  been  introduced 
with  the  advent  of  a  group  of  materials  known  as  insensitive  high 
explosives  (IHE).  Some  of  these  cannot  be  initiated  in  the  more 
conventional  gap  tests.  Consequently,  larger  and  larger  gap  tests  have 
been  designed  to  test  IHE. 

It  is  the  objective  of  this  paper  to  show  that  there  are  unexpected 
correlations  between  gan  tests  of  very  different  designs,  to  show  why 
testing  of  IHE  leads  to  larger  tests,  and  to  discuss  two  recent  large 
tests:  the  expanded  large  scale  gap  test  (ELSGT)  and  the  "super"  gap 
test. 

Since  our  largest  data  base  is  for  the  NOL  large  scale  gap  tests, 
that  test  is  shown  in  Figure  1  where  one  can  see  the  series:  donor,  gap, 
acceptor,  common  to  all  such  tests.  Table  1  tabulates  the  differences  in 
design  of  the  tests  with  which  its  results  are  to  be  compared.  Test  1  is 
the  NOL  large  scale  gap  test  (LSGT);  Test  2  is  the  same  with  slightly 
different  diameter  and  aspect  ratio  and  without  the  steel  confinement. 

That  is  an  important  difference  because  confinement  decreases  the  effective 
critical  diameter.  Another  comparison  will  be  with  the  LANL  LSGT  (Test  3); 
it  is  unconfined  and  also  uses  a  different  attenuator:  Dural  instead  of 
polymethyl  methacrylate  (PMMA).  The  final  comparison  is  between  the  NOL 
LSGT  and  a  new  test  developed  by  Forbes  and  ccworkers.  the  IHE  gap  test 
(Test  4).  As  you  can  see  in  the  table,  this  latter  test  has  a  diameter 
about  one  third  that  of  the  former,  and  although  the  steel  cylinder 
containing  the  acceptor  is  thinner  than  that  of  the  large  scale  gap 
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FIG.  1  CROSS  SECTION  OF  GAP  TEST  ASSEMBLY  FOR  NOL  LSGT 


TABLE  1 

GAP  TESTS  FOR  WHICH  RESULTS  ARE  COMPARED 


Diameter 

Aspect 

Test  Title 

or  ID 

Ratio 

Confinement 

cm 

i/d  Attenuator  cm 

1  NOL  LSGT 

3.65 

3.83  PMMA 

0.56  Thick  ! 

Steel 

2  Unconfined 

LSGT  3.81 

3.67  PMMA 

None 

3  LANL  LSGT 

4.13 

2.46  DURAL 

None 

4  IHE  Gap  Test  1.27 

4.00  PMMA 

0.318  Thick 

Steel 

* 

1.59  Thick 

PMMA 

Witness  is  steel 

plate  or  block  for  each  test. 

TABLE  2 

COMPARISON  OF  RESULTS  FROM  CONFINED 

UNCONFINED 

NOL  LSGT 

50%  Gap1 

Material 

P°? 

g/cm* 

Confined 

Unconf i ned 

in.  x 

102 

DINA-c 

1.60 

279 

226 

Comp  B-c 

1.70 

201 

143 

TNT-c 

1.61-2 

135 

73 

Pentolite-c 

1.67-8 

273-301 

255-266 

RDX-p 

1.64 

323 

285 

test,  its  ratio  wall  thickness  to  ID,  is  1.6  times  greeter.  Table  2  and 
Figure  2  show  the  comparison  between  standard  LSGT  results  and  those  from 
the  non-standard,  unconfined  test.  As  Figure  2  shows,  there  is  a  definite 
correlation  between  the  50$  gaps  for  the  five  explosives  (4  cast  and  1 
pressed)  that  have  been  run  in  both  tests.  Table  3  and  Figure  3  show  a 
similar  correlation  between  NOL  LSGT  values  (L)  and  LANL  LSGT  (L‘)  values 
for  cast  and  plastic  bonded  Ht  despite  the  differences  in  test  dimensions 
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TABLE  3 

LSGT  50%  GAP  VALUES  FOR 
CAST  AND  PLASTIC  BONDED  HE 


HE 

p.°  3 
g/cmJ 

n6l, 

LSGT1 

L,  cards* 

L^NL 

LSGT* 

L* ,  mm 

Bara to! -c 

2.62-2.63 

<123a 

27 . 30a 

Comp  A- 3 

1.63 

240 

54.51 

Comp  B-c(A) 

1.70-1.74 

204.5 

43.2 

Con.p  B-3-c 

1.70-1.72 

213 

50.3 

Cyclotol-c 

1.74-1.76 

186 

44.3 

75/25 

Octol-c 

1.81-1.83 

>217& 

47.32 

75/25 

Pentol ite-c 

1.70 

273 

64.74 

TNT-c 

1.62 

129 

28.30 

PBX-94C4 

1.85-1.87 

238b 

55.86 

aBa(N03)2  content  27%  and  24%  at  NSWC  and  LANL,  respectively. 
bp0  *  1.78  g/cm3. 


♦All  values  corrected  to  current  pentolite  donor. 

and  shock  attenuator.  (There  is  no  similar  correlation  for  pressed 
explosives,  possibly  because  of  differences  in  preparing  pressed  charges 
at  different  laboratories). 

Table  4  and  Fiqure  4  show  the  linear  correlation  between  the  IHE  gap 
test  and  the  NOL  LSGT  values  for  the  three  explosives  that  have  been  run 
in  both  tests.  Evidently,  the  IHE  gap  test  covers  the  same  shock  sensitiv¬ 
ity  range  as  the  NOL  LSGT,  but  with  only  4.4%  the  amount  of  test  explosive. 
Proper  test  design  -  in  this  case,  choice  of  test  dimensions  and  confinement, 
can  reduce  the  amount  of  explosive  needed  for  relative  shock  sensitivity 
testing.  This  brings  us  to  a  relaxed  question:  what  is  the  need  for 
larger  tests? 
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L'  (mm)  LANL 

FSG.  3.  COMPARISON  OF  NOL  VS  LANL  LSGT  VALUES 
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TABLE  4 

COMPARISON  OF  NOL  LS6T  RESULTS  WITH  THOSE 
OF  THE  I HE  GAP  TEST 


/°  3 
_  g/cnr* 

in. 

LSGT' 
in.  x  10z 

TATB 

1.83 

0.92 

78-84* 

TNT-c 

1.61 

1.30 

124-135 

TNT-p 

1.57 

1.92 

193-198 

*hiyher  value  from  G.  T.  West, "Classification  of  Explosives," 
Apr-June,  1976.  Pantex  Plant  MHSMP-7630K. 


To  illustrate  this  problem,  Figure  5  shows  two  fictitious  curves  of 
required  50%  gap  pressure  (Pg)  vs.  charge  diameter  for  two  HE,  A  and  B. 
Moreover,  2dc(A)  =  dc(B);  dc,  the  critical  diameter,  is  that  diameter 
below  which  propagation  of  steady-state  detonation  is  impossible.  My 
drawing  leaves  much  to  be  desired,  but  it  does  show  that  initiation  is 
impossible  until  d  >  dc  and  that  the  curve  is  very  steep  at  diameters 
just  slightly  greater  than  dc.  That  is  why  gap  tests  are  only  valid  for 
d  >  3dc  so  that  the  very  steep  portion  of  the  curve  is  never  used  in  a 
comparison.  For  example,  if  we  use  the  results  at  3dc(A)  =  1.5dc(B)  for 
both  HE,  we  get  a  APg  value  much  greater  than  if  we  use  a  diameter  of 
6dc(A),  i.e.,  both  explosives  are  at  d  i  3dc.  The  smaller  difference 
is  far  more  representative  of  the  infinite  diameter  value.  In  other 
words,  there  is  an  infinite  diameter  value  of  gap  sensitivity  just  as 
there  is  an  infinite  diameter  value  of  detonation  velocity  Dc.  In  both 
cases,  the  values  measured  ncv.**  are  very  different  from  the  ideal  or 
infinite  diameter  values. 

The  use  of  Pg  as  a  relative  shock  sensitivity  measurement  is  an 
approximation  of  course.  In  the  first  place,  it  approximates  P-j ,  the 
actual  initiating  pressure  transmitted  to  the  explosive.  Secondly,  it 
omits  the  effect  of  the  pressure-time  history  of  the  shock.  But  whatever 
criterion  may  be  used  tc  estimate  initiation  conditions:  P,  Pnr*,  or 
mass  velocity  u,  pressure  *s  the  dominant  variable. 

*t  is  approximate  duration. 
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IHE  GAP  TEST  (CARDS) 


LSGT  (CARDS) 

FIG.  4  COMPARISON  OF  RESULTS  FROM  LSGT  AND  IHE  GAP 
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It  follows  from  the  Illustration  of  Figure  5  that  the  demand  for 

larger  diameter  gap  tests  is  to  allow  HE  of  large  dc  to  be  tested  at 

d  *  3dc.  Here  dc  refers  to  effective  critical  diameter  not  to  the  dc 
we  measure  on  unconfined  charges.  Hence,  we  may  decrease  the  effective 
dc  by  confining  the  charge  as  well  as  by  increasing  the  test  charge 

diameter.  With  the  objective  of  testing  IHE  in  the  proper  diameter  range, 

DDESB  asked  the  Center  (NSWC/W0)to  design  a  larger  test  than  the  standard¬ 
ized  NOL  LSGT.  We  designed  a  gap  test  for  which  the  acceptor  and  its 
confinement  were  scaled  up  by  a  factor  of  2.  Howevever,  because  of  the 
manufacturer's  available  molds,  the  donor  was  scaled  by  only  a  factor  of 
1.875.  Results  from  this  test,  the  expanded  LSGT,  were  reported  at  the 
March  meeting  of  the  JANNAF  Working  Committee  on  Hazards. ^  Figure  6 
shows  the  two  assemblies  that  were  compared  and  Figure  7  gives  the  approxi¬ 
mate  equivalency  curve  found  for  the  two  tests. 

You  will  note:  (1)  we  have  not  drawn  a  straight  line  as  in  the  other 
3  correlations  I  have  shown  and  (2)  within  experimental  error,  we  could 
have  drawn  a  straight  line.  As  was  pointed  out  in  the  original  paper,  the 
uppermost  and  lowermost  points  are  not  as  well  established  as  the  two 
mid-points.  Until  this  is  done,  we  shall  regard  this  approximate  curve  as 
more  general  than  a  straight  line. 

The  scaling  up  of  the  NOL  LSGT  by  a  factor  of  two  is  about  the  practical 
limit  of  increasing  the  test  size.  As  It  was,  the  witness  plates  were 
scaled  in  thickness  but  not  in  length  x  width  because  they  were  then  too 
heavy  to  handle.  Nevertheless,  there  is  a  much  larger  gap  test  developed 
at  Eglin  AFB  and  reported  at  the  previous  DDESB  Symposium  and  also  at 
the  8th  Symposium  (International)  on  Detonation  last  year.  This  test, 
called  the  "super"  gap  test5,  is  compared  to  the  NOL  LSGT  in  Figure  8 
where  both  configurations  are  drawn  to  scale.  This  emphasizes  the  jump 
in  magnitude  of  the  dimensions. 

Table  5  lists  the  results  of  the  "super’1  gap  test  and  those  of  the 
corresponding  NOL  LSGT.  The  latter  value  for  tri tonal  was  listed  incorrectly 
in  Reference  5.  The  50%  "super"  gap  values  were  obtained  from  the  text  of  ■ 
Reference  5  but  the  computed  pressures  (Pg)  were  taken  from  a  chart 
displayed  at  the  8th  Detonation  Symposium.  Reference  5  contains  a 
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ELSGT  GAP  THICKNESS  (CAROS) 


0  SO  100 

LSGT  GAP  THICKNESS  (CARDS) 

FIG.  7.  THE  ELSGT  50%  GAP  THICKNESS  VERSUS  THE  LSGT  THICKNESS 
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DONOR 


ACCEPTOR 


PMMA 


] 


NOL  LSGT 


FIG.  8.  COMPARISON  OF  "SUPER"  GAP  TEST  WITH  NOL  LSGT. 
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TABLE  5 

COMPARISON  OF  VALUES  FROM  “SUPER*'  GAP  TEST 
WITH  THOSE  OF  LSGT 


“Super" 

Gao  M 

m  LSGT 

Cast 

HE 

9/8 m3  . 

50%  Point® 
In. 

fcr 

50%  Point  PQ 

in.  kbar 

Comp  B 

1.69 

7*  -  8 

12 

2.01-2.07  19.7-18.5 

Tri tonal 

80/2C 

1.73 

5  -  6 

15 

1.00-1.01  55 

TNT/Wax 

95/5 

1.69 

5*  -  6 

16 

Not  Tested 

TNT/NQ/Wax 

60/35/5 

1.61 

2*  -  3 

40 

Failed 

a.  Values  found  in  text  of  Ref.  5;  values  with  asterisk  closer 


to  50%  gap  value. 

b.  Values  read  from  chart  displayed  at  8th  Detonation  Symposium 

calibration  curve  (Reference  5,  Figure  13)  of  Pg  vs  PMMA  thickness. 
However,  this  curve  gives  no  values  for  Pg  <  30  kbar,  but  Figure  10  seems 
to  extend  the  computed  values  to  the  pressures  transmitted  from  the  PMMA 
through  the  0.5  in.  steel  confining  the  acceptor  charge. 

Not  only  is  the  scale  of  the  “super"  gap  test  much  greater  than  that 
of  the  more  widely  used  tests,  but  its  purpose  is  also  different.  It  is 
to  "screen  for  an  explosive’s  propensity  to  detonate  or  react  violently 
as  a  result  of  shock  induced  sympathetic  detonation  of  large  ordnance 
such  as  general  purpose  bombs"  (100  -  1000  kg  HE).  The  move  common  gap 
tests  are  concerned  with  relative  shock  sensitivity,  an  explosive  property. 
Some  industrial  laboratories  classify  their  tests  as  property  tests  or 
use  tests;  in  the  present  gathering,  we  call  the  latter  vulnerability 
tests.  Such  tests  are  carried  out  when  the  available  bassic  information  is 
insufficient  to  permit  a  reliable  prediction  by  any  set  of  computations. 
This  is  essentially  the  case  for  the  "super"  gap  test;  I  consider  it  a 
good  field  test  for  its  specific  purpose.  Having  said  that,  I  will  add 
that  use  of  field  tests  will  continue  to  demand  large  charges*  but  not 
necessarily  m-.ny  shots. 
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3y  way  of  summary,  we  have  found  that  three  pairs  of  gap  tests  of 
very  different  design  give  the  same  relative  shock  sensitivity  ratings 
for  a  number  of  explosives^  The  number  of  data  points  were  3-9,  too 
few.  of  course,  to  generalize.  But  In  view  of  the  differences  in  ratings 
I  have  seen  from  tests  coming  out  of  different  laboratories,  I  should 
not  have  expected  the  lineir  correlations  we  saw.  Despite  these, 

Llddlard  and  I  drew  the  approximate  equivalence  curve  between  the  NOL 
LS6T  and  the  ELSGT  as  non-linear  because  It  Is  more  general  than  the 
straight  line  and  so  must  stand  until  better  data  are  available. 

Finally,  anything  larger  than  the  ELSGT  should  be  considered  a  use  or 
field  test  designed  to  address  a  specific  problem  rather  than  a  test  for 
general  application. 
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RI OH  VELOCITY  IMPACT  SENSITIVITY  OF 
COMMERCIAL  BLUER?  ANn  STJLSION  EXPLOSIVES 


mm<a 


phenomenon  of  high  velocity  impact  initiation  of 


commercial  explosive!  was  modelled  numerically  by  means  of  a 
reactive  hydrodynamic  code  in  conjunction  with  the  Forest  fire 
model.  Coefficients  for  the  Forest  fire  model  were  determined 
from  the  Pop  plots  resulting  from  a  series  of  wedge  tests  for 


each  explosive  investigated. 


Data  for  the  reactive 


hydrodynamic  code  include  the  RON  equation  of  state  parameters 
and  Hugoniots. 

Predicted  results  for  projectile  impact  wero  compared 

with  the  experimental  results  obtained  for  the  same  explosivd 

compositions.  For  a  given  projectile  the  agreement  between 

the  predicted  values  of  impact  velocity  beyond  which 

detonation  would  occur  and  the  observed  experimental  values 

was  good.. 

-V 


382 


INTRODUCTION 


Safety  is  a  major  concern  in  tha  araa  of  commercial 
explosives.  From  the  beginning  of  their  development  effort 
was  directed  towards  the  manufacture  of  safer  products. 
However  sensitivity  ia  poorly  understood  and  poorly  defined. 
High  velocity  projectiles  can  be  used  to  assess  the  impact 
sensitivity  of  commercial  products.  At  the  same  time 
numerical  techniques  can  be  used  to  improve  the  understanding 
of  the  transition  from  impact  to  detonation. 

Many  models  have  been  introduced  to  describe  the 
initiation  of  heterogeneous  explosives.  The  first  attempts  of 
modelling  were  made  by  Eyring*1*  who  developed  his  grain 
burning  laws.  Later  Cook  and  Bauer1  '  modified  Eyring's 
theory  to  model  the  burning  in  liquid  explosives  containing 
bubbles.  Nader* 31  used  Arrhenius  kinetics  and  finite 
difference  techniques  to  study  the  interaction  of  shock  waves 
with  density  discontinuities. 

The  previous  models  although  able  to  demonstrate  the 
concept  of  the  hot  spots,  were  unable  to  model  the  initiation 
of  practical  explosives.  To  this  end  several  attempts  have 
been  made.  Such  attempts  are: 

(a)  The  p  t  criterion  by  Walker  and  Was ley'  .  According  to 
this  criterion  a  certain  critical  energy  per  unit  area  is 
necessary  for  the  shock  initiation  to  lead  to  detonation. 

(b)  The  ignition  and  growth  model  by  Lee  and  Tarver  (5).  This 
model  is  based  on  the  Wilxins  equation  of  state  and  the 
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following  equation  tor  the  reaction  rate* 


a  r  »  1  (1  -  F)V  ♦  0(1  -  FlW 

a~t 

with  n  ■ 

O 

- 1 

where  F  la  tha  fraction  of  tha  axploaivo  that  haa 
raactad.  t  is  tha  time  and  VQ  is  tha  initial 
spacific  volume  of  tha  explosive,  is  tha 

•pacific  volume  of  tha  shocked  unreacted 
explosive,  P* is  tha  pressure  and  I,  x,  r,  G,  y  and 
s  are  constants.  Those  parameters  are  however 
unknown  for  most  explosives  and  tha  technique 
to  obtain  than  is  not  readily  available. 

(c)  Feng  and  Hanaski*11*  developed  a  hydrodynamic  model  using 

an  equation  of  state  proposed  by  Tait.  Later,  Feng  et 
#12) 

al  improved  the  model  by  using  a  different  equation 
of  state  to  describe  the  temperature  of  air  bubbles 
contained  in  liquid  explosives  under  dynamic  loading.  It 
was  proposed  that  the  Forest  Fire  Model  * 13  *  should  be 
used  \to  describe  the  decomposition  rate  of  the  explosive 
as  a  function  of  pressure. 

(d)  The  Forest  Fire  model ^ 6  ^  which  was  developed  by  Charles 
Forest  of  the  Los  Alamos  Laboratories.  The  Forest  Fire 
technique  describes  the  decomposition  rate  of  the 


\ 
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explosive  as  a  function  of  the  experimentally  measured 
distance  of  run  to  detonation  vs.  shock  pressure  (Pop 
plot)  and  the  reactive  and  unreactive  Hugoniot.  It  is 
based  on  the  single  curve  buildup  principle  and  it  has 
been  used  with  success  for  the  modelling  of  the  behaviour 
of  military  high  explosives. 

Data  for  the  model  are  the  Pop  plot,  the  Hugoniot  of  the 
explosive  and  the  HQM  equation  of  st^ate  parameters.  This 
approach  was  adopted  in  this  study  as  it  was  the  most 
promising. 

The  Forest  Fire  model  was  selected  to  provide  the 
decomposition  rate  as  a  function  of  pressure  for  the  case 
of  commercial  slurry  and  emulsion  products.  The  reaction 
rate  vs.  pressure  relationship  was  used  in  our 
hydrodynamic  model  "HYDREL”  to  predict  the  initiation  or 
failure  of  the  explosive  due  to  impact. 

EXPERIMENTAL 

In  order  to  obtain  Pop  Plots  and  Hugoniot  relationships 
for  commercial  '^plosives  wedge  tests  were  conducted.  The 
wedg^  tests  are  named  for  the  weds,®  shaped  explosive  which  is 
shocked  by  a  plans  wave  generator  -  booster  -  attenuator 
system.  The  explosive  is  wedge  shaped  so  that  the  shock  or 
detonation  moving  through  it  is  visible  through  the  slant 
face. 

The  slant  face  is  usually  covered  with  glass 
microballoons.  Moreover  the  slant  surface  of  the  wedge  is 
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covered  by  a  very  thin  plexiglas  sheet  so  as  to  create  a 
narrow  gap  between  the  explosives  and  the  plexiglas.  When  the 
microbal locus  and  air  gap  are  compressed  suddenly  they  flash 
brightly.  A  streak  camera  is  set  up  with  the  slit  parallel  to 
the  base  of  the  wedge.  The  experimental  technique  is  shown  in 
Figure  1.  A  typical  streak  record  from  a  wedge  experiment  is 
shown  in  Figure  2. 

The  shock  which  enters  the  wedge  must  have  a  high  degree 
of  planarity  so  that  the  point  at  which  the  shock  wave  becomes 
a  detonation  wave  can  be  located.  Moreover  the  planarity  of 
the  wave  which  impacts  the  wedge  affects  the  measurement  of 
the  shock  velocities  before  and  after  the  detonation.  For 
those  reasons  the  shock  which  impacts  the  wedge  must  be 
produced  by  an  accurate  plane  wave  generator. 

The  system  consists  of  a  12.7  cm  plane  wave  generator,  a 
pentolite  (50%  RDX,  50%  TNT)  booster,  a  plexiglas  attentuator 
of  various  thickness  and  an  explosive  wedge.  The  wedge  is 
placed  at  the  centre  of  the  attenuator  plate  in  order  to  avoid 
edge  effects  which  will  affect  the  planarity  of  the  wave  at 
the  sides. 

The  experimental  results  were  analyzed  by  using  the 
reflected  Hugoniot  technique. 

The  resulting  Pop  Plots  are  presented  in  Figures  3  -  7. 
Emulsions  A  and  B  are  #8  blasting  cap  sensitive  products 
containing  3%  and  5%  Aluminum.  Emulsion  C  is  a  large  diameter 
non  cap  sensitive  product  containing  no  aluminum.  Slurries  A 
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FIGURE  Is  EXPERIMENTAL  SET  UP  FOR  WEDGE  TESTS 
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FIGURE  2:  TYPICAL  STREAK  CAMERA  RECORD 
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FIGURE  5:  POP  PLOT  FOR  EMULSION 


FIGURE  6:  POP  PLOT 


FIGURE  7:  POP  PLOT  FOR  FLURRY 


and  B  ara  small  diameter  98  blasting  cap  sensitive  aluminised 
products . 

In  order  to  examine  the  impact  sensitivity  of  the 
explosives  experimentally  the  following  three  techniques  were 
used. 

a.  Large  Projectile  Impact  Test 

In  this  type  of  test  aluminum  projectiles  were  fired  from 
a  cannon  towards  an  explosive  target.  A  series  of  tests  was 
conducted  b**  varying  projectile  velocity  and  diameter.  The 
projectile  diameters  were  2.5  cm,  5.1  cm,  10.2  cm  and  15.2  cm. 
Usually  the  explosives  were  tested  unconfined.  However  in 
some  cases  the  explosives  were  confined  in  order  to  evaluate 
the  effect  of  confinement.  Confinement  was  achieved  by 
placing  the  explosive  in  schedule  40  steel  pipes.  The 
projectile  velocity  was  calculated  by  reading  the  time 
interval  for  passage  of  the  projectile  between  two  light 
sensors  placed  a  known  distance  apart  in  front  of  the  target. 

The  experimental  set  up  is  shown  in  Figure  8.  The  impact 
was  observed  by  a  HYCAM  high  speed  framing  camera  having  a 
writing  speed  of  3000  frames  per  second.  Thus  the  detonation 
or  failu  e  can  be  determined  by  the  review  of  the  film.  The 
result  can  also  be  characterized  by  the  deformation  of  the 
projectile  after  impact. 

Moreover  the  result  can  be  characterized  by  the  remains 
of  the  target  explosive.  In  case  of  a  detonation  no  remains 
of  the  target  explosive  are  found. 
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PRIMACORD 


FIGURE  8:  EXPERIMENTAL  SET  UP  FOR  TL£  LARGE  PROJECTILE  IMPACT  TEST 


Tha  results  of  tha  cannon  tests  ere  presented  in  Table  1. 

b.  High  Velocity  Snell  Projectile  Tests 

For  the  case  of  the  18  cap  sensitive  emulsion  explosives 
small  projectiles  were  used.  Small  projectiels  can  travel 
fast  enough  to  initiate  most  of  the  commercial  products.  The 
projectiles  were  made  of  brass  and  had  a  diameter  and  length 
of  13  mn.  The  experimental  layout  is  shown  in  Figure  9.  The 
velocity  of  the  projectile  is  measured  by  using  photocells. 
The  results  of  the  tests  are  shown  in  Table  2. 

c.  Flyer  Plate  Impact  Tests 

For  the  cap  insensitive  emulsion  a  flyer  plate  test  was 
designed.  The  flyer  plate  can  be  more  effective  than  metal 
projectiles  for  the  following  reasons: 

1.  It  can  obtain  higher  terminal  velocities.  Therefore  it 

can  produce  shock  pulses  of  higher  amplitude  in  the 

2 

explosive  target.  According  to  the  p  t  criterion  for  the 
impact  initiation  of  explosives  the  amplitude  of  the 
shock  pulse  is  more  important  than  its  duration. 

2.  The  flytr  plate  introduces  essentially  a  one  dimensional 
pulse  when  impacting  the  material.  This  diminishes  the 
action  of  side  release  waves  which  can  quench  the 
detonation. 

The  flyer  plates  were  made  of  aluminum  and  were  driven  by 
detonation  waves  at  tangential  incidence.  The  experimental 
set  up  is  shown  in  Figure  10.  The  velocity  of  the  plate  is 
calculated  by  using  the  Richter  equation: 
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EXPLOSIVE 

PROJECTILE 
DIAMETER  X  LENGTH 
(cm) 

PROJECTILE 

VELOCITY 

(m/«) 

RESULT 

SLURRY  A 

2.5  X  5.0 

431 

FAILED 

2.5  x  5.0 

435 

FAILED 

447 

DETONATED 

454 

DETONATED 

SLURRY  A 

5  x  10 

146 

FAILED 

152 

DETONATED 

154 

DETONATED 

208 

DETONATED 

* 

239 

DETONATED 

SLURRY  B 

2.5  x  5.0 

286 

FAILED 

347 

FAILED 

444 

DETONATED 

537 

DETONATED 

SLURRY  B 

2.5  x  5.0 

277 

FAILED 

CONFINED 

286 

FAILED 

33  7 

DETONATED 

356 

DETONATED 

363 

DETONATED 

SLURRY  B 

5  x  10 

344 

FAILED 

347 

FAILED 

347 

DETONATED 

350 

DETONATED 

SLURRY  B 

10  x  13 

337 

FAILED 

344 

FAILED 

350 

DETONATED 

15  x  15 

219 

FAILED 

344 

DETONATED 

263 

DETONATED 

TABLE  1: 

PROJECTILE  IMPACT  TEST 

RESULTS  FOR 

SLURRIES. 
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EXPLOSIVE 


PROJECTILE  VELOCITY 

(m/s) 


RESULT 


EMULSION  A 

856 

DETONATED 

757 

DETONATED 

745 

DETONATED 

711 

FAILED 

707 

FAILED 

674 

FAILED 

663 

FAILED 

EMULSION  B 

858 

DETONATED 

830 

DETONATED 

802 

FAILED 

800 

FAILED 

752 

FAILED 

649 

FAILED 

EMULSION  C 

1067 

FAILED 

1283 

FAILED 

1316 

FAILED 

TABLE  2;  RESULTS  OF  THE  SMALL  PROJECTILE  IMPACT  TESTS. 
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a  +  b  { Mp/Me) 


1 
■e 

where  @  is  the  turn  angle  (rads)  a,  b  are  constants 
determined  for  a  given  explosive  metal  plate 
combination  and  Mp/Me  is  the  mass  of  the  plate  to 
mass  of  the  explosive  ratio. 

The  constants  a,  b  in  the  above  equation  for  the  system 
aluminum  metal  plate  driven  by  a  plastic  explosive  called 
Detasheet  C  have  been  determined  by  Belanger  and  Matte'  '  by 
using  flash  x-ray  techniques.  According  to  them  a  and  b  are 
1.42  and  3.79  respectively. 

The  results  of  the  flyer  plate  impact  tests  are  shown  in 
Table  3. 

THE  REACTIVE  HYDRODYNAMIC  MODEL 

The  hydrodynamic  model  "HYDREL"  is  a  two  dimensional 
finite  difference  Lagrangian  code.  For  the  calculations  the 
material  is  divided  into  small  cells  by  means  of  a  grid.  A 
typical  grid  describing  the  impact  of  a  flyer  plate  on  an 
explosive  target  is  shown  in  Figure  11.  The  computations 
proceed  by  stepping  forward  in  time  in  small  increments.  At 
each  increment  (cycle)  stress ,  velocity,  displacements  and 
energies  are  calculated  at  each  cell  and  coordinate  point. 
For  the  reactive  part  the  Forest  Fire  technique  is  normally 
used.  However  other  types  of  burn  are  available  such  as  the 
Arrhenius  burn  and  the  sharp  shock  burn.  A  simplified  flow 
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ALUMINUM  LAYERS  TURN  ANGLE  MP/ME 
PLATE  DETASHEET  OF  PLATE  WEIGHT 
THICKNESS  DETERMINED  RATIO 


CALCULATED 

PLATE 

VELOCITY 


RESULT 


DIAMETER 


OF 


CHARGE 


(mm) 

(number) 

BY  RICHTER 
EQUATION 
(degrees) 

3.2 

1 

10.2 

.98 

3.2 

2 

15.1 

.49 

9.5 

5 

13.8 

.59 

(m/s) 

(ft/s) 

(mm) 

1230 

4020 

FAILED 

75 

1820 

5960 

DETONATED 

75 

1660 

5450 

DETONATED 

75 

TABLE  3:  FLYER  PLATE  IMPACT  RESULTS  FOR  EMULSION  C. 


CONFINING  MATERIAL 


FIGURE  11:  TYPICAL  GRID  FOR  THE  HYDRODYNAMIC  MODEL  "HYDREL 


chart  of  the  program  is  given  in  Figure  12. 

The  Forest  Fire  rate  is  programmed  as  a  function  of 

pressure.  The  logarithm  of  the  rate  is  expressed  as: 

In (rate)  -  A x  +  A2  P  +  . .  +  AftPn  “  1 

The  logarithm  of  the  rate  is  fitted  to  the  pressure  by 
the  above  equation  for  different  pressure  ranges  in  order  to 
minimise  the  error  by  approximation.  By  adopting  only  one  fit 
the  technique  might  fail  especially  in  the  low  pressure  range. 
Moreover  the  rate  is  set  to  zero  if  the  pressure  is  less  than 
the  minimum  pressure  in  the  fit.  The  burning  is  completed 
once  the  pressure  reaches  or  is  greater  than  the  C-J  pressure. 

The  equation  of  state  used  in  the  program  is  the  KOM 

equation  of  state.  For  the  explosive  HOM  has  two  parts;  one 

for  unreacted  material  and  one  for  reaction  products.  For  the 
inert  materials  HOM  uses  only  the  part  for  unreacted 

materials.  HOM  calculates  the  pressure  and  temperature  given 
the  internal  energy,  the  specific  volume  and  the  fraction  of 
the  unreacted  material.  The  HOM  parameters  for  the  unreacted 
explosive  were  measured  (Hugoniot,  density)  and  the  parameters 
for  the  detonation  products  were  calculated  by  using  the  TIGER 
code.  In  the  calculation  the  C-J  point  was  found  and  then  the 
products  were  allowed  to  expand  isentropically. 

RESULTS 

The  predictions  of  the  hydrodynamic  code  "HYDREL"  were. 
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compared  against  the  experimental  observations.  "HYDREL"  can 
produce  pressure-time  and  mass  fraction  of  unreacted  explosive 
time  hiscories  for  any  point  of  the  grid  describing  the 

impact.  A  buildup  in  pressure  and  fraction  of  reacted 

material  in  successive  points  in  the  explosive  indicates 
events  leading  to  a  detonation  while  decreasing  pressures  and 
fraction  of  reacted  explosive  indicate  a  failure. 

Table  4  presents  the  calculated  results  for  some 
commercial  explosives  tested.  Figures  13-16  present  the 
pressure-time  and  mass  fraction  of  unreacted  explosive-time 
histories  for  a  typical  case  of  a  cap  sensitive  emulsion 
explosive.  The  K's  represent  points  along  the  axis  of  the 
charge  with  the  larger  K  being  closer  to  the  interface  between 
impactor  ar.d  explosive.  The  larger  K  =  30  is  at  the 

interface.  Figures  13 ,  14  indicate  a  failure  when  the 

projectile  travels  at  700  m/s  while  figures  15,  16  indicate  a 

detonation  with  the  projectile  travelling  at  800  m/s.  Runs 
were  also  conducted  for  the  case  of  aluminum  projectiles  and 
emulsion  A.  The  critical  velocity  in  this  case  was  increased 

/  a  \ 

by  a  factor  of  1.2  which  is  consistent  to  quantitative  and 
qualitative  experimental  observations  that  aluminum 
projectiles  require  higher  velocities  to  initiate  an  explosive 
target,  compared  to  higher  density  metal  projectiles. 
DISCUSSION  AND  CONCLUSIONS 

From  the  comparison  between  experimental  and 
calculated  results  it  follows  that  the  numerical  model 
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EXPLOSIVE 


TYPE  OP 
IMPACTOR 


DIMENSIONS  OP 
IMPACTOR 


VELOCITY  OF 
IMPACT 
(m/«ec) 


RESULT 


EMULSION 

A 

BRASS  PROJECTILE 

DIAMETER 

13mm 

700 

FAILURE  | 

LENGTH 

13mm 

750 

DETONATION 

ALUMINUM 

DIAMETER 

13mm 

850 

FAILURE 

PROJECTILE 

LENGTH 

13mm 

900 

DETONATION  , 

EMULSION 

B 

BRASS  PROJECTILE 

DIAMETER 

13mm 

8C0 

FAILURE  | 

LENGTH 

13mm 

900 

DETONATION  ] 

EMULSION 

C 

BRASS  PROJECTILE 

DIAMETER 

13mm 

1330 

FAILURE  | 

LENGTH 

13mm 

i 

ALUMINUM  FLYER 

THICKNESS: 3. 2mm 

1230 

1 

FAILURE 

PLATE 

THICKNESS :3.2mm 

1820 

DETONATION  ! 

THICKNESS: 9. 5mm 

1660 

DETONATION  j 

SLURRY  A 

ALUMINUM 

DIAMETER 

25mm 

320 

i 

FAILURE  | 

PROJECTILE 

LENGTH 

50mm 

440 

DETONATION  i 

DIAMETER 

50m 

300 

FAILURE 

LENGTH 

100mm 

350 

DETONATION  5 

DIAMETER 

100mm 

200 

FAILURE  ! 

LENGTH 

130mm 

250 

DETONATION 

SLURRY  B 

ALUMINUM 

DIAMETER 

25mm 

400 

FAILURE 

PROJECTILE 

LENGTH 

50mm 

500 

MARGINAL  j 

DIAMETER 

50mm 

300 

FAILURE 

LENGTH 

IGOmm 

350 

MARGINAL 

400 

DETONATION 

DIAMETER 

100mm 

250 

MARGINAL 

LENGTH 

130mm 

300 

DETONATION 

TABLE  4: 


CALCULATED  RESULTS  FOR  THE  HIGH  VELOCITY  IMPACT  OF 
COMMERCIAL  EXPLOSIVES. 
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FIGURE  13:  PRESSURE  TIME  HISTORIES  FOR  EMULSION  A.  VELOCITY  OF 
PROJECTILE  700  m/ sec. 
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FIGURE  14:  MASS  FRACTION  OF  UNREACTED  EXPLOSIVE  VERSUS  TIME  FOR  EMULSION  A 
PROJECTILE  VELOCITY  700  m/sec. 


FIGURE  16:  UN REACTED  EXPLOSIVE  VERSUS  TIME  FOR  EMULSION  A.  PROJECTILE 
VELOCITY  800  m/sec. 


'HTORgL"  reproduced  the  m*>in  cherecteristics  of  the 
initiation  of  the  commercial  explosives  tested.  The  code 
predicted  the  impact  initiation  with  sufficient  accuracy. 
Moreover  it  demonstrated  the  dependency  of  the  initiation  of 
the  various  explosives  on  the  material  and  geometric 
properties  cl  ';he  impactor. 

It  was  found  that  materials  of  high  density  (e.g.  brass) 
initiate  explosive  targets  easier  than  materials  of  lower 
density  (e.g.  alumiwun). 

The  diameter  of  the  projectile  was  shown  to  be  very 
important  when  dealing  with  small  projectiles.  This  is 
expected,  however,  because  initiation  is  influenced  by  the 
dimensionality  of  the  experiment.  When  the  diameter  is 
smaller  the  effect  of  side  rarefactions  becomes  more  obvious. 
In  the  calculations,  in  cases  it  was  observed  that  when  the 
projectile  diameter  was  small  and  the  impact  velocity  high, 
initiation  occurred  almost  immediately  on  impact.  However  if 
the  projectile  velocity  was  not  high  enough,  detonation  did 
not  propagate  but  was  quenched  by  the  action  of  following 
rarefactions. 

Flyer  plates  because  of  their  large  area  of  impact  impose 
a  one  dimensional  impact  and  initiate  the  explosives  easier. 
This  was  demonstrated  in  the  case  of  Emulsion  C.  Flyer  plate 
data  which  were  obtained  for  the  cap  sensitive  emulsion 
products  demonstrated  the  same  effect.  These  data  however  were 
not  used  in  the  quantitative  comparison  because  of 
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inaccuracies  in  the  calculation  of  the  plate  velocity  caused 
by  possible  spalling  of  the  metal  plate.  In  the  case  of  a 
slowly  moving  explosive  driven  metal  plate,  spalling  is 

possible  due  to  insufficient  thickness  of  driver  explosive 
behind  the  plate. 

Blasting  cap  sensitive  emulsion  and  slurry  products  are 
similar  wiwh  regard  to  their  safety  at  high  velocity  impacts. 
However  drop  weight  tests  have  shown  emulsion  explosives  to  be 
safer.  Therefore  the  drop  weight  test  should  not  be  used  as  a 
single  criterion  to  evaluate  impact  sensitivity  of  commercial 
products . 

Another  interesting  result  of  the  investigation  of 
commercial  products  is  that  they  were  found  to  be  more 
sensitive  than  cast  military  explosives  such  as  cast  TNT  and 
cast  Composition  B.  Cast  TNT  and  cast  Composition  B  are  not 
cap  sensitive  though.  it  appears  that  there  is  a  close 
relationship  between  cap  sensitivity  and  impact  sensitivity. 

With  regard  to  the  modelling  code  the  most  important 
information  is  the  Pop  plot.  it  was  found  that  Pop  plot  data 
could  b®  obtained  more  easily  for  emulsion  than  for  slurry 
explosives.  Emulsion  explosives  consist  of  a  more  homogeneous 
mix  containing  small  liquid  droplets  sustained  in  a  continuous 
liquid  matrix  and  microscopic  miocrobal loons,  in  slurries  the 
mix  is  crude  containing  liquid  with  large  solid  object- 
(prills,  pieces  of  gum  etc.)  and  large  voids.  These 
discontinuities  can  be  detrimental  in  the  determination  of  a 
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Pop  plot.  Slurry  C  which  is  a  slurry  containing  TNT  prills  in 
its  mass  was  a  typical  example  of  a  product  in  which  the 
discontinuities  produced  a  very  significant  scatter  of  datt. 
As  a  result  it  was  impossible  to  obtain  a  Pop  plot  for  this 
product.  It  is  rather  obvious  that  Pop  plot  work  is 
recommended  for  products  which  contain  small  size  grains  and 
chemical  ingredients  uniformly  distributed  inside  the  mass  of 
the  explosive. 
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FRICTION  SENSITIVITIES  OF  CP,  BARIUM  STYFHNATE,  TATB,  AND  LX-15 
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effects  on  impact  or  friction 


Period  aged  at  100°C,  day* 


IMPACT  SENSITIVITIES  OF  PETN  AND  HMX 
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RX26BH  >250  12X26BB  with  0.1  %  graphite 

and  0.1%  calcium  stearate 
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Batch-to-batch  variations 


Load  raquirad  for  60%  Initiation,  k$ 


Impact  reqonad  for  50% 


impact  wnaitivity 
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EQUIPMENT  SUPPORT  SYSTEMS  IN 
BLAST  RESISTANT  STRUCTURES 

BY  FRANKLIN  P.  EPPERT 
BOOKER  ASSOCIATES,  INC. 

ST.  LOUIS,  MISSOURI 


ABSTRACT 

ne  of  the  often  overlooked  elements  in  the  design  of  a 
structure  to  resist  the  effects  of  an  accidental  detonation  of 
high  explosives  is  the  mounting  and  support  of  the  wide  range 
mechanical  and  electrial  equipment  installed  in  the  facility. 
This  paper  addresses  the  techniques  that  should  be  considered  in 
the  mounting  of  mechanical  and  electrical  equipment  and,  in 
particular,  will  address  specific  designs  which  have  been 
utilized  in  buildings  with  multiple  bays  where  a  detonation  in 
one  bay  could  affect  an  adjacent  bay.  In  such  a  facility,  the 
detonation  of  a  high  explosive  material  in  one  bay  could  cause 
injury  to  personnel  and  loss  of  the  use  of  the  adjacent  bay  in 
spite  of  the  fact  that  the  structure  is  designed  to  protect 
personnel  and  equipment  in  those  adjacent  bays. 

A 
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INTRODUCTION 


When  a  blast  resistant  structure  is  called  upon  to  protect 
personnel  from  the  effects  of  a  nearby  accidental  detonation , 
these  effects  not  only  include  excessive  pressure,  thermal 
effects,  and  fragmentation  but  also  flying  and  falling  objects 
from  within  the  protected  space  due  to  the  externally  applied 
loading.  Typical  structures  in  which  this  situation  might  occur 
include  control  rooms,  adjacent  production  bays,  H.B.  storage 
facilities,  and  similar  types  of  structures. 

CONSIDERATIONS 


In  determining  the  need  for  special  considerations  in  equipment 
mounting,  the  first  step  involves  the  examination  of  the 
structure  to  establish  the  displacement  that  is  likely  to  occur 
during  an  excursion  of  the  structure  caused  by  an  adjacent  or 
nearby  detonation.  For  example,  the  reinforced  concrete 
dividing  wall  between  two  explosive  handling  bays  is  in  place  to 
protect  personnel  on  either  side  of  the  wall  from  the  effects  of 
an  explosion  on  the  opposite  site.  In  Figure  1(a)  the 
deflection  of  such  a  wall  is  shown.  During  the  design  of  this 
wall  and  based  on  the  maximum  credible  incident  on  the  opposite 
face,  it  can  be  determined  what  deflection  is  anticipated.  On  a 
typical  wall  the  deflection  may  approach  4  inches  at  the  center 
of  the  wall.  This  maximum  deflection  will  occur  in  25-30  milli¬ 
seconds  after  the  structure  begins  to  deflect.  The  movement  of 
the  wall  will  very  closely  follow  that  shown  in  Figure  1(b) 
where  the  velocity  versus  time  history  for  the  center  of  the 
wall  is  shown.  The  wall  is  initially  at  rest  and  is  accelerated 
to  some  maximum  velocity  and  brought  to  rest  at  a  point  in  time 
corresponding  to  the  time  of  maximum  deflection.  The  challenge 
is  to  determine  the  maximum  acceleration  at  which  an  object 
might  dislodge  from  the  wall  and  become  a  projectile.  Once  this 
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maximum  dislodging  force  is  determined,  a  supporting  system  can 
be  designed  to  withstand  that  force  such  that  the  object  will  be 
either  held  in  place  or  the  supporting  system  will  fail  at  a 
level  that  would  prevent  the  device  from  becoming  a  missile 
within  the  protected  space. 

Another  consideration  is  that  as  the  mounting  location  is  moved 
from  the  center  of  the  wall  to  the  edge,  the  displacement  and 
acceleration  decreases  to  a  theoretical  zero  at  edges.  This  is 
shown  in  Figure  II,  where  acceleration  contours  are  plotted. 
Regardless  of  the  type  of  mounting  system  proposed,  it  is 
beneficial  to  locate  wall  attachments  as  close  to  the  edge  as 
possible.  The  ultimate  solution,  of  course,  is  to  not  mount  any 
devices  on  a  wall  that  is  subject  to  deflection  due  to  an 
adjacent  bay  detonation.  Referring  to  the  photograph,  the  wall 
at  the  far  end  of  the  room  shown  is  such  a  wall.  Note  that 
there  are  minimum  mechanical  and  electrical  devices  mounted  on 
the  wall. 

In  those  instances  where  it  is  not  possible  to  avoid  mounting  on 
a  wall  subject  to  deflection,  the  decision  then  is  whether  it  is 
possible  to  design  a  mounting  system  to  withstand  the 
acceleration  and  forces  developed  in  the  supportive  device  or 
whether  it  might  be  better  to  develop  an  isolated  mounting 
device  to  absorb  those  forces. 

ALTERNATIVES 


The  concept  of  isolating  the  installed  equipment  from  the 
structure  can  be  effective  and  in  many  designs  a  simple  method 
of  achieving  this  can  be  determined.  One  approach  to  isolation 
would  be  to  construct  a  frame  system  within  a  blast  resistant 
structure  which  would  be  totally  isolated  from  the  walls  and 


roof  which  experience  deformation.  This,  of  course,  would 
require  additional  space  within  the  structure  resulting  in 
higher  construction  costs  and  increased  square  footage  require¬ 
ments  for  the  facility.  Simpler  and  less  costly  approaches  are 
to  utilize  mounting  methods  and  materials  compatible  with  the 
expected  acceleration  and  forces.  The  following  mounting 

methods  are  presented  as  possible  solutions;  however,  each 
individual  case  needs  to  be  evaluated  to  determine  the  need  for 
protective  mounting  and  the  level  of  protection  desired. 

Overhead  Supports:  Typical  devices  to  be  supported  overhead 

include  light  fixtures  and  overhead  cranes.  In  considering  such 
installations,  it  is  'important  to  note  that  the  supporting 
device  must  be  able  to  support  the  equipment  while  it  is  in 
normal  use  and  be  able  to  respond  to  accelerations  caused  by 
deflection  of  the  structure  following  an  adjacent  bay  or 
exterior  detonation.  For  overhead  mounted  equipment,  the 
excursion  of  the  structure  can  be  either  horizontal  as  in  the 
case  of  an  adjacent  bay  detonation  or  vertical  if  due  to 
externally  applied  forces.  A  simple  technique  for  mounting  a 
lighting  fixture,  for  example,  is  shown  in  Figure  III.  An 
explosion  proof  lighting  fixture  can  weigh  as  much  as  100 
pounds;  consequently,  the  mounting  device,  in  this  case,  a  bent 
plate,  must  be  able  to  remain  in  its  original  shape  while 
supporting  the  light  fixture  in  order  that  the  fixture  performs 
its  designed  task.  However,  when  subject  to  an  acceleration 
force,  the  plate  can  be  designed  to  experience  plastic 
deformation  such  that  the  movement  can  be  withstood  and  the 
fixture  remains  in  place.  Figure  IV  depicts  a  crane  rail  mount, 
again  affixed  to  the  ceiling  of  a  structure.  The  sacrificial 
plate  concept  as  shown  can  be  designed  such  that  the  plate 
experiences  plastic  deformation  at  a  loading  in  excess  of  the 
dead  weight  of  the  crane  when  fully  loaded  and  in  operation. 
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The  bolts  which  extend  through  the  crane  supporting  beam  serve 
as  a  safety  backup  feature  in  the  event  the  sacrificial  plate 
fails  due  to  fatigue  should  the  structure  experience  several 
cycles  of  excursions  due  to  the  adjacent  detonation.  Figure  V 
indicates  alternating  mounting  methods  for  other  ceiling  hung 
equipment.  The  top  method  consists  of  springs  which  isolate  the 
load  from  the  structure  and  can  be  used  where  the  load  on  the 
springs  is  more  or  less  constant  and  movement  of  the  device 

during  operation  is  not  a  concern.  The  method  shown  in  the 

lower  half  of  the  Figure  utilises  the  bent  plate  concept  in 
which  the  load  is  held  in  a  fixed  position  under  normal 

operation  and  the  plates  would  only  deform  in  the  event  of  an 
adjacent  bay  or  exterior  detonation  causing  the  ceiling  to 
deform. 

Wall  Hung  Supports :  Mounting  equipment  on  walls  which  are 
subject  to  deformation  following  an  adjacent  bay  detontion 
require  somewhat  different  considerations.  Figure  VI  shows  a 
typical  mounting  for  duct  work,  in  this  case  installed  on  an 

angle  projecting  from  the  wall  and  held  in  place  by  a  metal 

strap.  The  angle  would  need  to  be  mounted  to  the  wall  with 
sufficient  strength  to  remain  in  place  during  deformation  of  the 
wall  with  the  strap  installed  in  such  a  manner  that  the  duct  can 
move  within  the  strap  to  a  limit  equal  to  the  anticipated  wall 

movement.  In  this  way,  since  the  duct  is  not  otherwise 

connected  to  the  angle,  the  angle  can  slide  to  the  right  as  the 
wall  deflects  and  the  duct  would  only  move  due  to  the  friction 
between  the  duct  and  the  angle.  Note  that  the  space  for 
movement  is  allowed  on  both  sides  of  the  duct  since  the  wall 
will  initially  accelerate  and  then  decelerate  as  it  achieves 

maximum  deflection.  This  phenomenon  goes  back  to  the  velocity 
versus  time  curve  that  was  originally  shown  in  Figure  I.  The 
installation  of  lighter  pieces  of  equipment  such  as  conduit  can 
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be  accomplished  as  shown  in  Figure  VII.  In  this  particular 
case,  the  clamp  and  anchor  bolt  need  to  be  designed  with 
sufficient  strength  to  hold  the  conduit  in  place.  An  important 
consideration  is  the  gap  as  shown  between  the  conduit  wall  and 
the  concrete.  Recalling  again  the  curve  shown  in  Figure  I, 
there  is  initially  a  high  acceleration  rate  as  the  wall  begins 
to  deform.  This  gap  permits  the  wall  to  move  sufficiently  that 
the  rate  of  acceleration  has  decreased  and  the  conduit  hanger 
then  would  be  able  to  withstand  the  forces  applied  without  also 
deforming  to  any  great  extent.  The  amount  of  space  required  and 
the  strength  of  the  supporting  strap  can  be  determined  utilizing 
theoretical  approaches.  In  the  case  of  multiple  conduits  and 
pipe  being  mounted  on  unistrut,  a  different  approach  would  be 
required.  This  is  shown  in  Figure  VIII.  The  weight  of  the 
system  is  such  that  a  direct  connection  to  the  deflecting  wall 
would  not  be  desirable.  The  bent  plate  method  again  is 
applicable  in  that  the  bent  plate  can  be  designed  to  support  the 
conduit/pipe  system  during  normal  operations  but  would  provide 
the  plastic  deformation  required  to  protect  those  systems  in  the 
event  the  wall  begins  to  deflect. 

The  photograph  shows  lighting  fixtures  and  overhead  crane  rails 
which  have  been  installed  utilizing  a  bent  or  sacrificial  plate 
system  in  a  facility  where  the  ceiling  of  the  room  is  subject  to 
vertical  movement  due  to  an  adjacent  bay  detonation. 

SUMMARY 


The  purpose  of  this  paper  has  been  to  present  some  ideas 
relating  to  installation  of  mechanical  and  electrical  devices 
within  blast  resistant  structures.  As  can  be  noted  from  the 
material  presented,  there  remains  to  be  a  number  of  areas  that 
need  to  be  explored  in  greater  depth  before  any  general 
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solutions  can  be  offered.  It  is  important  to  recognise  the  need 
to  install  equipment  in  order  that  it  not  become  hazardous  to 
occupants  of  the  protected  space  and  each  individual  case  needs 
to  be  considered  on  its  own  merits.  Any  comments  or  suggestions 
relating  to  this  approach  are  welcome. 
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ABSTRACT 

liaced  reinforced  concrete  blast  resistant  structures  have  been 
designed  and  constructed  for  many  years.  Advancement  in  the 
state-of-the-art  design  of  these  facilities  has  surpassed 
advancement  in  the  state-of-the-art  in  construction  of  the  same, 
because  qualified  designers  can  be  selected  whereas  the 
selection  of  contractors  is  left  up  to  the  free  market  system. 
To  assist  contractors  through  the  learning  curve  of  this  unique 
type  of  construction,  certain  additional  requirements  must  be 
built  into  the  contract  documents.  This  paper  addresses  a 
number  of  additional  requirements  which  should  be  implemented  in 
order  to  enhance  the  constructability  of  laced  reinforced 
concrete  structures. 

A 
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INTRODUCTION 


In  today's  construction  environment,  change  orders  and 
requests  for  extra  compensation  are  the  rule  rather  than 
the  exception.  It  has  become  imperative  that  a  quality 
buildable  set  of  contract  documents  be  developed.  What 
makes  it  even  more  imperative  is  the  fact  that  laced 
reinforced  concrete  construction  is  not  "normal" 
construction.  Even  if  you  prequalified  the  general 
contractors  and  required  that  they  demonstrate  past 
experience  in  construction  of  laced  reinforced  concrete, 
there  is  no  guarantee  that  the  ironworkers  or  the 
concrete  workers  have  had  any  experience  relative  to  the 
demands  of  this  unique  type  of  construction.  Therefore, 
certain  construction  requirements  must  be  built  into  the 
contract  documents  to  avoid  impossible  situations  and 
enhance  the  quality. 

Impossible  situations  are  those  circumstances  in  which  no 
clear  blame  can  be  placed  for  a  specific  deficiency  and 
yet  further  construction  progress  requires  a  compromise 
in  the  quality  of  the  project.  It  is  analogous  to  the 
general  contractor  driving  down  the  road  on  a  dark  night. 
He  has  the  owner,  the  resident  engineer  and  the  designer 
in  the  car  with  him.  All  of  a  sudden  they  come  up  to  the 
end  of  a  dead  end  road.  Noboby  in  the  car  knows  where 
they  made  a  wrong  turn  or  how  they  got  there.  But  the 
fact  is  that  they  are  on  a  dead  end  road.  Anyway  they 
turn,  they  collectively,  will  lose  time  and  money. 

The  purpose  of  this  paper  is  to  suggest  some  ways  one  may 
be  able  to  avoid  some  of  these  impossible  situations  in 
the  construction  of  laced  reinforced  concrete 
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construction.  This  paper  discusses  nine  areas  where  we 
can  enhance  the  constructability  of  a  project  can  be 
enhanced.  The  first  three  are  basic  design 
considerations  and  tne  last  six  are  construction  phase 
considerations. 

2  * 0  KEEP  THE  REINFORCING  STEEL  RATIO  NEAR  THE  MINIMUM 

With  laced  reinforced  concrete  construction  there  is 
enough  inherent  congestion,  simply  with  the  types  of  bars 
that  must  be  placed:  horizontal  and  vertical  flexural 
barr,  horizontal  and  vertical  diagonal  bars,  tension  bars 
and  lacing  (see  Figure- 1  and  Photo-1).  When  going 
through  the  iterative  design  process,  one  should  think  of 
increasing  the  thickness  of  the  concrete  before 
increasing  the  steel  ratio.  With  the  present  relative 
cost  of  steel  and  concrete,  one  will  always  end  up  with  a 
more  economical  section  if  the  steel  ratio  is  minimized. 
In  addition  to  the  first  cost  design  benefits, 
constructability  is  greatly  enhanced,  because  fewer  and 
smaller  bars  can  be  placed  and  there  is  more  space 
between  the  bars  to  place  the  concrete. 

3.°  USE  OUT  TO  OUT  REBAR  RIB  DIMENSIONS 

The  intersections  of  walls,  floor,  and  roof  are  very 
busy.  Every  set  of  bars  that  passes  through  or 
terminates  at  an  intersection  has  to  have  its  own  plane 
or  layer.  The  summation  of  the  layers  at  any 
intersection  cannot  exceed  the  repetitive  spacing.  This 
seems  to  be  fundamental,  but  many  intersections  which  are 
marginally  acceptable  using  nominal  bar  diameters  are  not 
acceptable  for  construction.  Murphy's  Law  comes  into 
play  here  and  somehow  the  ribs  of  all  of  the  bars  monage 
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to  line  up,  and  the  intersection  becomes  physically 
impossible.  The  layering  of  the  reinforcing  3teel  at 
intersections  must  be  checked  during  the  design  phase 
using  the  out  to  out  diameters  of  the  bars.  It  is  also 
advisable  to  allow  an  extra  inch  of  free  space  to  account 
for  irregularities  in  the  fabrication  of  the  bars. 

4.0  STANDARDIZE  BAR  SPACING  THROUGHOUT  THE  STRUCTURE 

Standardizing  the  bar  spacing  is  a  feature  that  isn't 
adequately  appreciated  by  most  designers.  In 

conventional  construction,  structural  engineers  are 
conditioned  to  optimize  the  spacing  of  the  bars,  such 
that  the  steel  can  be  minimized.  In  so  doing,  a  variety 
of  spacings  results,  none  of  which  have  a  common 
denominator.  However,  field  conditions  are  such  that 
minor  adjustments  can  be  made  to  avoid  interferences. 
Unfortunately,  in  laced  concrete  construction,  we  don't 
have  that  luxury. 

It  is  more  important  to  make  the  structures  constructable 
than  it  is  to  shave  a  few  pounds  of  steel.  Since  wall 
bars  have  to  mesh  with  roof  bars,  flcor  bar 3  and  other 
wall  bars,  it  us  very  important  to  have  compatible 
spacings.  It  is  strongly  recommended  that  the  designer 
establish  a  standard  spacing  for  the  entire  structure 
such  that  bar  systems  will  mesh.  It  is  also  recommended 
that  as  large  a  bar  spacing  as  permissible  be  used,  in 
order  to  facilitate  placement  of  the  concrete.  Twelve 
inches  is  suggested  as  a  minimum  spacing. 
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5.0 


REVIEW  OP  SHOP  DRAWINGS 


Design  plans  contain  most  of  the  important  design  and 
construction  requirements,  but  designers  still  cite 
standards  like  ACI  or  ASTN  for  standard  practice  and 
routine  details.  The  shop  drawings  are  the  designer's 
last  chance  at  reviewing  the  materials  which  are  to  be 

supplied.  Of  particular  concern  are  the  reinforcing 

steel  shop  drawings. 

These  documents  need  to  be  reviewed  with  an  eye  for 
constructability.  Naturally,  the  contractor  is 

interested  in  providing  as  few  pounds  of  steel  as 

possible  if  he  is  operating  under  a  lump  sum  contract. 

There  is  a  tendency  to  eliminate  lap  splices  if  possible, 
but  in  some  cases,  it  may  hinder  constructability.  No 
one  is  more  familiar  with  the  design  than  the  designer 
himself  and  he  must  visualize  assembling  the  rebar  cage 
and  suggest  locations  where  splices  would  be  advisable 
and  permissible. 

6.0  REINFORCING  BAR  TEMPLATES 


As  a  part  of  the  contract  documents,  it  is  advisable  that 
a  requirement  for  reinforcing  bar  templates  be  provided 
for  field  inspection.  The  fabricator  should  be  required 
to  spray  paint  the  end  of  a  bar  in  the  bundle  of  bars 
which  he  certifies  as  most  clc  sely  corresponding  to  the 
geometry  defined  on  his  shop  drawing.  The  General 
Contractor  should  also  be  required  to  field  compare  the 
remaining  bars  in  the  bundle  to  the  template  in  the 
presence  of  a  government  inspector.  bars  which  do  nov. 
correspond,  within  defined  limits,  to  the  template  bar 
shall  be  returned  to  the  fabricator. 
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mis  procedure  accomplishes  two  things: 


1 )  It  alerts  the  fabricator  to  the  fact  that  quality 
control  is  being  taken  seriously  on  this  project,  and 
he  may  make  a  little  more  effort  in  producing  a 
quality  product. 

2)  It  also  assures  that  the  bars,  to  be  placed,  are 
within  the  required  tolerances  before  they  are 
assembled. 

Beginning  the  rebar  cage  assembly  with  bars  that  you  know 
are  going  to  work  is  very  important.  The  assembly  of 
laced  reinforcing  cages  is  a  very  labor  intensive  job. 
In  the  case  of  the  lacing  bars  themselves,  it  is 
extremely  difficult  to  detect  which  ones  are  out  of 
alignment  until  the  contractor  is  ready  to  place  the 
forms.  At  this  time,  it  becomes  very  apparent  which  bars 
protrude  excessively  from  the  cage.  If  the  contractor  is 
directed  to  correct  the  problem,  he  may  have  to 
completely  disassemble  the  cage  to  remove  the  defective 
bars.  In  some  instances,  this  may  not  be  possible  as  the 
lower  lacing  bars  have  already  been  cast  in  the  concrete 
floor  slab. 

The  requirement  of  uring  rebar  templates  cannot  be  left 
up  to  the  good  judgment  of  the  contractor  and  must  be 
included  in  the  specifications. 

7.0  CONCRETE  WORKING  PADS 


The  most  applicable  design  document,  TM  5-1300,  suggests 
the  use  of  optional  working  pads  under  the  rebar  cages. 
It  is  further  suggested  that  working  pads  be  made  a 
contract  requirement  for  a  couple  of  reasons: 
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1)  The  rebar  cages  are  usually  quite  heavy  and  may  take 
several  weeks  to  fully  assemble.  With  this  length  of 
timer  there  is  ample  opportunity  for  Mother  Nature  to 
disrupt  the  support  of  the  cage. 

2)  A  working  slab  under  the  entire  floor  slab  is  even 
more  desirable  if  a  capillary  water  barrier  and  vapor 
barrier  are  to  be  provided.  During  the  assembly 
timer  the  vapor  barrier  can  be  punctured  or  torn. 
Once  torn,  adequate  repair  is  difficult  due  to  the 
presence  of  the  reinforcing  steel.  The  working  slab 
can  also  serve  as  anchorage  for  sway  cables  for  the 
wall  bars  (see  Photo  No.  2). 

The  added  expense  of  the  3  to  4  inch  working  pad  is  not 
as  great  as  it  would  appear.  With  the  presence  of  a 
continuous  working  slab,  the  required  concrete  cover  for 
the  floor  slab  can  be  decreased,  essentially  trading  part 
of  the  floor  concrete  for  the  working  pad.  The  working 
slab  doesn't  need  to  receive  any  labor  intensive  finish. 
A  screed  finish  is  all  that  is  necessary. 

The  added  expense  of  the  working  slab  is  money  well  spent 
on  quality  control.  One  can  refute  this  statement  by 
saying  it  is  the  contractor's  responsibility  to  deal  with 
acts  of  God,  but  acts  of  God  seldom  help  you  get  a 
project  back  on  schedule. 

8.0  REBAR  CAGE  ASSEMBLY 


For  the  most  part,  the  designer  can't  be  so  specific  that 
he  tells  the  contractor  how  he  is  to  assemble  the  cage, 
but  some  helpful  hints  at  the  preconstruction  conference 
can  prove  beneficial.  For  example,  many  contractors  are 
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accustomed  to  assembling  bar  cages  horizontally  on  the 
ground  wiring  up  every  joint  and  then  lifting  the  cage 
vertically.  Due  to  the  nature  of  thejje  cages ,  it  is  best 
if  the  cage  is  assembled  in  place.  It  is  also  not 
advisable  to  wire  up  every  intersection  until  the  entire 
cage  has  been  assembled.  Frequently,  bars  have  to  be 
shifted  back  and  forth  to  accommodate  the  insertion  of 
other  bars.  This  is  especially  true  at  junctures  between 
two  walls  or  a  roof  and  a  wall. 

Recognizing  the  fact  that  these  bars  have  to  be  shifted 
back  and  forth,  it  is  especially  desirable  to  proceed 
with  construction  in  a  manner  which  will  allow  this 
flexibility.  Visualize  a  wall  placement  which  needs  to 
be  accomplished  in  two  concrete  lifts  as  in  the  case  of 
Photo  No.  3.  If  the  second  concrete  lift  is  placed  prior 
to  assembling  the  roof  steel,  there  will  be  no 
flexibility  in  the  wall  bars  which  are  anchored  into  the 
roof.  Therefore,  they  are  fixed  in  whatever  spacing  they 
were  in  when  the  concrete  was  cast.  Quite  often,  a 
so-called  12  inch  spacing  will  vary  plus  or  minus  an 
inch.  The  intersection  between  a  roof  and  a  wall  is  so 
congested  that  this  inflexibility  will  bring  about  some 
impossible  situatiohs.  (Photo  No.  4  shows  a  situation 
where  the  roof  bars  were  placed,  after  the  second  lift  on 
the  wall  was  cast.  The  number  of  people  required  to 
place  these  bars  is  a  slight  indication  of  the  degree  of 
difficulty.)  These  same  vertical  wall  bars  are  usually 
large  bars,  if  not  bundles  of  large  bars.  These  large 
bars  are  not  meticulously  fabricated  and  SO  degree  bends 
are  not  perfect  90  degree  bends  and  are  not  parallel  with 
the  90  degree  bend  at  the  other  end  of  the  bar.  If  the 
wall  concrete  is  cast  to  the  top,  there  isn't  any 
flexibility  to  persuade  the  bent  bar  into  a  compatible 
orientation  with  the  horizontal  roof  bar. 
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Depending  upon  the  complexity  of  the  rebar  design,  it  may 
be  advisable  to  contractually  obligate  the  contractor  to 
set  his  formwork  and  place  the  roof  steel  prior  to 
casting  the  last  wall  lift. 

9.0  BACKDP  BQUIPMBNT 

Placing  of  the  concrete  is  smother  critical  step  in  the 
construction  process.  The  location  of  construction 
joints  is  an  important  consideration  in  the  design 
process  and  the  construction  needs  to  be  continuous 
between  these  predetermined  locations.  To  assure  this 
kind  of  continuity,  certain  provisions  need  to  be  made  in 
the  contract  documents: 

1 )  If  the  concrete  placement  equipment  can  break  down, 
backup  equipment  needs  to  be  on  hand.  For  example, 
if  a  concrete  pumper  is  used  a  backup  pumper  should 
be  on  site  for  the  day  of  the  placement.  This  is  not 
as  expensive  as  it  may  seem.  As  backup  equipment, 
only  one  equipment  crew  needs  to  be  present,  which 
makes  the  rental  rate  lower.  If  a  crane  is  already 
on  site  and  the  job  can  be  accomplished  with  a  bucket 
and  tremie  chute,  the  backup  equipment  for  the  pumper 
could  be  the  addition  of  a  bucket. 

2)  The  contractor  should  be  required  to  supply  in 
writing  his  plan  for  providing  the  concrete  material 
to  the  site  prior  to  the  concrete  placement.  This 
may  seem  rather  fundamental,  but  in  the  heat  of  the 
construction  effort,  it  may  not  get  adequate  thought 
and  one  doesn't  want  any  miscommunication  between  the 
contractor  and  the  material  supplier  to  occur.  If 
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you  know  in  advance  that  there  ia  going  to  be  a  batch 
plant  on  the  site,  it  may  not  be  as  serious  of  a 
requirement. 

3)  Other  additional  backup  equipment  needs  to  be  on  hand 
like  additional  vibrators,  or  a  backup  power  source 
for  the  vibrators.  It  has  been  known  to  happen  that 
a  vibrator  has  become  hopelessly  tangled  in  the 
rebar,  cut  off  and  abandoned  in  place. 

10.0  CONCRETE  PLACEMENT  TECHNIQUES 

Properly  placing  the  concrete  within  the  forms  and 
between  the  bars  is  a  difficult  task.  Normal  concrete 
wall  construction  with  temperature  steel  on  both  faces 
will  run  approximately  75  pounds  of  steel  per  cubic  yard 
of  concrete.  In  laced  reinforced  concrete  construction, 
the  ratio  may  be  as  high  as  450  pounds  of  steel  per  cubic 
yard  of  concrete.  Tension  bars  down  che  middle,  diagonal 
bars  at  the  corners,  lacing  bars  and  45  degree  cants  at 
the  corners  are  all  unique  to  this  type  of  construction 
and  contribute  to  the  complexity.  Proper  delivery  of  the 
material  and  adequate  vibration  are  the  most  challenging 
tasks. 

The  delivery  system  most  frequently  chosen  by  a 
contractor  is  pumping.  This  is  a  good  choice  because  the 
space  between  the  bars  is  minimal  and  the  smaller  4  inch 
diameter  hose  can  physically  fit.  The  material  is  under 
pressure  and  will  flow  at  a  desirable  rate.  If  a  bucket 
and  a  4  inch  tremie  hose  was  used,  the  concrete  might  set 

i 

before  it  flowed  by  gravity  through  the  hose.  One 
problem  with  the  pumping  system  is  that  the  flexible 
rubber  hose  isn't  always  cooperative  and  wants  to  go 
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sideways  as  it  is  snaked  down  between  the  upper  wall 
bars.  When  placing  the  £irst  lift  in  a  wall  placement, 
the  delivery  system,  or  hose,  really  needs  to  get  past 
the  floor  diagonal  bars  such  that  the  45  degree  cants 
become  completely  filled. 

A  recommendation  for  this  dilemma  is  to  preset  4" 
diameter  pipes  at  4  to  6  foot  spacings  within  the  rebar 
cage  down  to  the  desired  level  and  prior  to  erection  of 
the  last  wall  form  (see  Figure  No.  2).  These  pipes  can 
be  used  to  convey  the  material  to  the  bottom  of  the  forms 
and  be  retracted  as  the  placement  progresses.  A  not 
quite  as  effective  alternate  to  this  approach  is  to 
attach  a  rigid  section  of  pipe,  say  10  feet  long,  to  the 
end  of  the  pumper  hose.  This  will  greatly  assist  in 
inserting  the  hose  in  between  the  rebar. 

Once  the  concrete  has  been  placed  at  the  desired  levels, 
it  needs  to  be  adequately  vibrated.  It  has  been  observed 
that  no  less  than  4  vibrators  and  operators  are  necessary 
to  keep  up  with  one  pumper  placement  in  a  wall.  The 
concrete  should  not  be  placed  in  lifts  greater  than  2 
feet  and  each  lift  has  to  be  vibrated.  The  lowest  lifts 
are  the  most  difficult  to  vibrate  and  are  the  lifts  that 
need  it  the  most  because  of  the  congestion  and  the  45 
degree  cants.  The  problem  primarily  arises  from  the  fact 
that  the  vibrator  cannot  be  moved  laterally  along  the 
length  of  the  wall  because  of  the  shear  reinforcing, 
whether  it  be  lacing  or  stirrups.  The  vibrator  needs  to 
be  lifted  vertically  the  full  height  of  the  placement  and 
lowered  in  between  each  set  of  vertical  bars.  After  a 
while,  this  becomes  very  fatiguing  for  the  laborer  and 
unless  he  has  a  backup,  he  will  start  looking  for  corners 
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to  cut,  and  not  do  aa  effective  a  job  as  he  should. 
Without  adequate  vibration,  honeycombing  most  certainly 
will  occur. 

Another  problem  associated  with  placement  of  the  concrete 
is  control  of  the  depth  of  each  concrete  lift.  As 
concrete  is  being  placed  in  the  forms,  the  inspector  hasd 
a  difficult  time  gaging  the  depth  of  each  lift.  Unless 
you  have  predetermined  marks  on  the  rebar  cage,  the  field 
inspector  doesn't  have  any  active  leverage  with  the  job 
foreman.  One  suggestion  is  to  have  a  prepainted  #3  bar 
placed  horisontally  in  the  rebar  cage  to  designate  each 
permissible  lift. 

11.0  SUMMARY 


The  construction  of  laced  reinforced  concrete  structures 
differs  sufficiently  from  conventional  construction  in 
that  additional  considerations  need  to  be  added  to  the 
contract  documents  and. further  quality  control  measures 
taken  during  construction  to  assure  a  quality,  finished 
product.  Among  these  considerations  are  the  following: 

» )  The  designer  needs  to  proportion  his  sections  to 
minimize  the  steel  ratio. 

2)  Intersections  need  to  be  checked  for  interferences 
using  out-to-out  bar  diameters. 

3)  The  designer  needs  to  standardize  the  bar  spacings 
throughout  the  structure. 


4)  The  reinforcing  steel  shop  drawings  need  to  be 
reviewed  with  insight  towards  the  ability  to  assemble 
the  complete  rebar  cage. 

5)  The  contract  documents  should  require  that  the 
fabricator  designate  one  bar  in  each  set  as  a 
template  to  which  the  remaining  bars  are  to  be 
compared.  This  field  check  of  the  fabrication  of  the 
bars  should  be  performed  in  the  presence  of  a  field 
inspector.  Bars  out  of  tolerance  shall  be  returned 
to  the  fabricator  and  proper  bars  used. 

6)  Serious  Consideration  should  be  given  to  requiring 
the  contractor  to  , provide  concrete  working  pads 
underneath  the  walls  and  floor  slabs.  It  should  not 
be  left  up  to  the  judgment  of  the  contractor. 

7)  Serious  consideration  should  be  given  to  presenting 
an  orientation  session  to  the  contractor  at  the 
preconstruction  conference  on  the  problems  and 
advantages  of  certain  rebar  cage  assembly  techniques. 
For  structures  with  heavily  reinforced  walls  and 
roofs,  consideration  should  be  given  to  making  it  a 
contract  requirement  to  assemble  ail  of  the  roof 
steel  prior  to  placing  the  last  concrete  wall  lift. 

8)  Since  it  is  very  important  to  maintain  continuity 
between  designed  construction  joint  locations,  backup 
equipment  such  as  spare  concrete  pumper,  spare 
vibratorc  and  auxiliary  power,  must  be  on  hand  during 
the  concrete  placement.  The  only  way  to  assure  this 
is  to  place  the  requirement  in  the  contract 
documents. 


y)  Placement  of  the  concrete  is  a  critical  step  in  the 
construction  process  and  it  has  one  of  the  greatest 
time  constraints*  Delivery  of  the  concrete  to  the 
proper  level  within  the  forms  and  the  subsequent 
adequate  vibration  can  be  very  difficult  tasks.  A 
minimum  number  of  vibrators  (4)  and  operators  should 
be  specified.  The  designer  should  consider  other 
means  of  assuring  that  the  concrete  can  be 
transported  to  the  appropriate  level  within  the  forms 
and  describe  those  means  in  the  specifications. 

Construction  of  laced  reinforced  concrete  structures  is  a  very 
difficult  task  for  even  the  most  knowledgeable  contractor.  It 
is  believed  that  incorporation  of  the  above  suggestions  will 
certainly  enhance  the  quality  of  the  finished  product,  and  stem 
some  of  the  construction  change  orders. 
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ABSTRACT 


\  AB3TI 

Si 


Tan  one-way  reinforced  oonorete  slabs  ware  tested,  primarily  to 
lnveatigate  the  affects  of  shaar  stirrups  and  stirrup  details  on  the  load- 
response  behavior  of  the  slabs.  TtM  slabs  ware  rigidly  restrained  at  the 
supports  and  were  loaded  with  a  unifonaly  distributed  pros* 're.  Support 
rotations  between  13  and  SI  degrees  were  observed.  The  test  aerie*  was  unique 
due  to  the  uniform  loading  and  the  large  support  rotations  experienced  for  the 
conventionally  reinforced  concrete  one-way  slabs.  Tha  results  of  ttese  tests 
lndioate  that  oriteria  on  shear  reinforcement  found  in  currant  blast-resistant 
design  manuals  are  overly  conservative .. 


INTRODUCTION 


The  test  series  discussed  was  a  part  of  the  Keyworker  Blast  Shelter 
Rssearoh  Program  conducted  at  the  U.S.  Army  Engineer  Waterways  Experiment 
Station  (WES)  and  sponsored  by  the  Federal  Emergency  Management  Agency 
(FEMA).  At  the  time  this  study  was  Initiates,  civil  defense  planning  oalled 
for  the  evacuation  of  noneesantial  personnel  to  safe  (low-risk)  host  areas 
when  a  nuclear  orlsis  is  probable  and  the  construction  or  blast  shelters  to 
protect  the  key  workers  remaining  in  the  high-risk  areas.  Structural  designs 
for  150-psi  shelters  with  capacities  between  100  and  A00  people  were  dev¬ 
eloped.  The  results  of  this  study  significantly  influenced  the  design  of  the 
blast  shelter's  roof  slab,  resulting  in  a  more  eost-effioierrt  design. 

Wood3on  [1]  reviewed  past  research  on  testing  one-way  slabs  and  beams  and 
found  that  experimental  research  using  uniformly  loaded  beams  or  one-way  slabs 
Is  very  limited.  Kiger  and  others  [2]  and  Keenan  [33  each  tested  one  surface- 
flush,  restrained  one-way  slab  with  a  slowly  increasing,  uniformly  distributed 
load.  The  slab  tested  by  Kiger  was  one  of  a  series  investigating  the  effects 
of  soil  cover  on  the  static  and  dynamic  oapacity  of  earth- covered  slabs.  The 
slab  tested  by  Keenan  was  one  of  a  series  investigating  the  behavior  of  laced 
reinforced  concrete  slabs  subjected  to  static  and  dynamic  loads.  Keenan's 
test  series  also  included  throe  restrained  one-way  slabs  tested  under  short- 
duration  dynamic  loads  and  the  results  indicated  that  structural  response 
modes  were  similar  for  static  and  dynaaio  loading. 

The  slab  tested  by  Kiger  contained  0.25  peroent  shear  reinforcement  in 
the  form  of  closed  rectangular  hoops.  The  slab  was  loaded  to  collapse  at  a 
suppoi  t  rotation  of  approximately  20  degrees.  Keenan's  slab  contained  dia¬ 
gonal  lacing  bars  that  were  bent  around  the  exterior  face  of  the  transverse 
reinforcement  in  a  grid  system.  The  principal  tension  and  compression  rein¬ 
forcement  were  placed  to  the  interior  of  the  trans verse  reinforcement.  Safety 
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limitations  of  the  loading  device  prohibited  testing  of  the  slab  to  collapse, 
and  the  support  rotation  measured  at  test  termination  was  approximately  9.2 
degrees. 

Based  on  point-loaded  beam  tests  reviewed  by  Woodson  [1],  numerous 
researohers  ag"ee  that  closed  hoops  help  inoreaae  the  duotility  of  a  rein¬ 
forced  concrete  member  by  confining  the  concrete  core.  Large  support 
rotations  were  experienced  in  Kiger's  slab  test  [2],  possibly  due  to  the  use 
of  closed  hoops.  Keenan  [3]  reported  that  the  diagonal  lacing  bars  oonfined 
the  core  and  increased  the  ductility  of  his  slab.  Prior  to  this  study,  a 
thorough  investigation  of  the  rotation  oapaolty  of  conventionally  reinforced 
one-way  slabs  and  of  the  effects  of  hoop  or  stirrup  details  on  the  rotation 
capacity  was  not  available  in  the  literature.  The  construction  of  slabs  using 
lacing  bars  is  labor-intensive  and  costly,  arid  Is  not  considered  to  be 
conventional  construction  praotice.  Considerable  effort  is  also  required  to 
place  closed  hoops  throughout  a  reinforced  ooncreta  slab.  Beoause  of  the  lack 
of  research  in  this  area,  laced  reinforcement,  closed  hoops,  or  olosely  spaced 
stirrups  are  usually  reoommended  in  blast-resistant  design.  A  knowledge  of 
the  effects  o:'  stirrup  details  on  slab  behavior  will  help  optimize  one-way 
roof-slab  designs  for  structural  response  and  allow  for  mere  cost-effective 
designs . 


OBJECTIVES 

Three  objectives  of  the  study  were  to  investigate  the  effects  of  the 
following  parameters  on  the  behavior  of  one-way  reinforced  concrete  slabs: 

(1)  stirrup  configurations  as  presented  in  Figure  1,  (2)  stirrup  spacing,  and 
(3)  the  interaction  of  the  stirrups  with  the  two  principal  reinforcement  bar 
spacings  shown  in  Figure  2.  Types  Ij  II,  and  III  stirrup  configurations 
oonsisted  of  a  U-shaped  double-leg  stirrup  with  135-degree  bends  on  the  ends, 
a  single-leg  stirrup  with  1 35-degree ; bends  on  each  end,  and  a  single-leg 
stirrup  with  a  135-degree  bend  on  one  end  and  a  90-de@'ee  bend  on  the  other 
end,  respectively.  An  analysis  based  on  three  empirical  relations  for 
rotationial  capacity  was  used  to  determine  the  stirrup  spacings  to  be  investi¬ 
gated.  The  relations  were  derived  from  point-loaded  beam  tests  and  will  be 
discussed  in  this  paper.  Stirrup  spacings  of  0.75,  1.5,  and  3.0  inches  were 
selected  with  the  anticipation  that  the  behavior  of  the  slabs  with  the  0. 715- 
inch  spacings  would  be  considerably  different  from  slabs  with  the  1.5-  or  3.0- 
inch  spacings,  A  slab  without  stirrups  was  also  tested.  Two  principal  steel 
spacings,  1.75  and  3.75  inches,  were  used  to  investigate  the  criterion  given 
by  Keenan  and  others  [4]  that  restricts  the  bar  spacing  to  a  value  less  than 
the  effective  depth,  1.9  inches. 


SCOPE 


Ten  slabs  were  tested  under  a  slowly  increasing  uniform  load  in  the  Small 
Blast  Load  Generator  (SBLG)  test  facility  at  WES.  All  slabs  were  24  inches 
wide  by  36  inches  long  with  a  clear  span  of  24  inches  and  a  thickness  of  2.3 
inches.  Grade  60  deformed  wire  and  4,000-psi  design  strength  concrete  were 
used.  The  slabs  had  span-to-effecti ve-depth  ratios  of  about  12,  and  principal 
reinforcement  ratios  were  about  0.008  in  each  face.  Transverse  (temperature ) 
reinforcement  was  spaced  at  3  inches  on-center  to  the  interior  of  the  princi- 


p*l  reinforoement  in  emoh  face,  In  slabs  having  stirrups  spaced  at  3  Inches, 
tha  combination  of  temperature  steal  and  stirrups  (particularly  Typa  1 
stirrups)  resembled  a  oloaad  hoop.  Each  slab  was  instrumented  for  strain, 
displaeeaant,  and  prassura  measurement*.  Tabla  1  presents  tha  oonstruotion 
par seat era  varied  in  this  study  for  eaoh  slab. 

The  reaction  structure  used  in  tho  test  series  is  shown  in  Figure  3.  The 
slabs  ware  damped  to  tha  threaded  rods  to  prevent  rotation  and  translation. 
Figure  4  shows  the  test  ohaaber,  whioh  consists  of  m  series  of  stacked  rings 
with  a  3-foot  10-3/A  inch  inside  dlsaeter  and  an  elliptloal  doae  top  oalled  a 
"bonnet."  Statio  pressures  of  up  to  500  psl  can  be  generated  by  forcing  water 
in  the  bonnet  to  load  the  test  spsoiaen.  A  waterproof  aeabrane  is  used  to 
separate  the  water  froa  the  teet  speoiaen. 


RESULTS  AND  DISCUSSION 

Figure  5  is  a  posttest  view  of  the  underside  of  the  etirrup  slabs.  In 
general,  the  slabs  responded  in  flexure  in  a  three-hinged  meohanisa.  The 
ultiaate  load  resistance  of  the  slabs  was  approximately  1,4  to  1.7  times  the 
yield-lino  value.  Coapressive  aeabrane  theory  closely  predicted  the  ultiaate 
load  resistance  of  the  slabs.  The  load-deflection  curve  in  the  tensile  mem¬ 
brane  region  initially  followed  the  slope  derived  froa  criteria  by  Park  [5)  in 
most  slabs,  but  rupture  of  principal  reinforoement  prevented  pure  tensile 
'membrane  behavior  from  developing.  The  degree  of  a  combined  bending  and 
tensile  aeabrane  response  varied  among  slabs  depending  on  stirrup  details. 

Figures  6,  7,  and  8,  respectively,  present  the  aidspan  load-deflection 
data  for  stirrup  Slabs  1  (no  stirrups),  2  (closest  stirrup  spacing),  and  8 
(double-leg  stirrup  oonf iguratlon).  The  effects  of  stirrup  spacing  were  less 
in  slabs  with  the  1.75-inch  principal  steel  spacing  than  in  slabs  with  the 
3.75-inch  spacing.  The  greatest  tendency  for  tensile  r  mbrane  behavior  among 
the  slabs  with  the  3.75-lnch  principal  steel  spacing  was  observed  in  Slab  2. 
Stirrups  were  spaced  at  0.75  inch  in  Slab  2,  and  the  load-carrying  capacity  In 
the  tensile  membrane  region  reached  a  value  equivalent  to  tha  ultimate  resis¬ 
tance.  The  principal  steel  spacing  of  1.75  inches  resulted  in  ductile 
behavior  at  stirrup  spaclngs  of  0.75  and  1.5  inches.  The  slab  having  Type  I 
stirrups  (Slab  8)  experienced  slightly  greater  tensile  mambrane  tendencies 
than  the  slabs  having  Type  II  or  Type  III  stirrups.  No  significant,  difference 
was  observed  in  the  behavior  of  slabs  with  Type  II  and  Type  III  stirrups. 

The  rotation  of  tne  hinges  at  the  supports  when  the  tests  were  terminated 
(anticipated  incipient  collapse)  are  presented  in  Table  2.  Table  2  also  gives 
the  percentage  ratio  of  maximum  attained  midspan  deflection  (a  )  to  the 
clear  span  length  (L).  The  rotation  capacity  of  the  plastic  h¥8$es  is  dir¬ 
ectly  related  to  the  ductility  of  the  slab.  Figure  9  presents  the  results  of 
calculations  using  empirical  relations  developed  from  beam  tests  by  Corley 
[6],  Mattock  [7],  and  Baker  and  Amarakone  [8]  for  plastic  hinge  rotation.  Tht 
significance  of  Figure  9  is  that  it  shows  an  Increase  in  rotation  capacity 
when  closely  spaced  stirrups  are  used.  The  vertical  dashed  lines  .in  Figure  9 
indicate  the  apacings  used  in  this  test  series.  The  empirical  expressions  are 
for  design  purposes  and  tend  to  be  conservative.  Corley's  relation  yields  a 
value  of  approximately  *1.8  degrees  for  plastic  hinge  rotation  in  the  slab  with 
a  0.75-inch  stirrup  spacing. 
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Based  on  beam  test  data,  Keenan  and  others  [4]  stat*j  that  reinforced 
concrete  members  with  compression  steel  can  reliably  maintain  their  ultimate 
xxnent  resistance  to  support  rotations  of  up  to  4  degrees,  provided  the  com¬ 
pression  bars  are  confined  by  effective  ties  and  q  S  0.14  where  q  is  the  rein¬ 
forcing  index  defined  by; 

<prT  -  p’  f j 

s  • 

where 

p  -  tension  steel  ratio 

fy  *  yield  strength  of  tension  steel 

f 

p  -  compression  steel  ratio 

t 

fy  «  yield  strength  of  compression  steel 

t 

f  »  compressive  strength  of  concrete 

c 


Assuming  the  stirrups  act  as  effective  ties,  the  slabs  in  this  test  series 
meet  Keenan’s  criterion,  except  for  the  3lab  without  stirrups.  Keenan  states 
that  if  the  slab  in  ally  restrained,  deflection  of  the  member  induces 
membrane  forces  and  the  number  may  develop  substantial  resistance  to  maximum 
support  rotations  exceeding  12  degrees.  Another  design  manual  for  blast- 
resistant  structures  [9]  requir  es  that  stirrups  be  spaced  a  distance  not 
greater  than  one-fourth  the  effective  depth  tf  the  slab  when  inelastic 
response  is  predicted.  Slab  1  contained  no  stirrups  and  maintained  its  yield- 
line  resistance  of  about  42  psi  up  to  support  rotations  of  approximately  16.3 
degrees.  The  results  of  t'.xcse  tests  Indicate  that  criteria  concerning  shear 
reinforcement  in  current  blast-resistant  design  manuals  are  overly  conser¬ 
vative  and  should  be  revised. 


SUMMARY  AND  CONCLUSIONS 

Ten  one-way  reinforced  concrete  slabs  were  statically  tested  under  a 
uniform  load  to  large  deflections.  The  effects  of  stirrups  on  the  load- 
response  behavior  of  roof-slab3  were  investigated.  Results  indicate  that 
ductile  behavior  is  increased  by  construction  details  that  help  confine  the 
concrete  core  of  the  slab  (i.c.,  closely  spaced  stirrups,  Type  I  stirrups,  and 
closely  spaced  principal  reinforcing  bars).  However,  the  increase  in 
ductility  of  one-way  slabs  resulting  from  special  reinforcement  details  does 
not,  in  general,  justify  the  expense  of  the  special  details.  For  example, 
single-leg  stirrups  were  nearly  as  effective  as  double-leg  stirrups  in 
contributing  to  ductile  behavior.  Closely  spaced  single-leg  stirrups  were 
•sffectxve  in  significantly  improving  the  ductility  of  the  slab,  indicating 
that  closed  hoops  sire  not  needed.  Spacing  the  principal  reinforcing  bars  a 
distance  less  than  the  effective  depth  as  recommended  by  Keenan  and  others  [4] 
did  ,  mprove  the  ductility  of  the  slab  and  is  a  relatively  cost-effective 
construction  requirement. 


431 


A  major  contribution  of  this  test  series  to  the  state-of-the-art  in 
blast-resistant  structural  design  is  the  finding  that  a  conventionally  rein¬ 
forced,  restrained  one-way  slab  without  stirrups  or  ties  can  maintain  its 
yield-line  resistance  up  to  support  rotations  exceeding  16  degrees.  The 
results  of  these  tests  indicate  that  criteria  on  shear  reinforcement  found  in 
current  blast-resistant  design  manuals  are  overly  conservative.  The  data  show 
that  laced  reinforcement,  closed  hoops,  or  closely  spaced  stirrups  are  not 
necessary  to  induce  a  ductile  response  with  large  support  rotations  in  one-way 
roof  slabs . 
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Table  1.  Slab  Characteristics. 
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Slab 

Stirrup 

Configuration 

Type 

Stirrup 

Spacing 

in. 

Principal 
Steel  Spacing 
in. 

1 

No  Stirrups 

— 

3.75 

2 

II 

0.75 

3.75 

3 

II 

1.5 

3.75 

H 

II 

3.0 

3.75 

5 

II 

1.5 

3.75 

6 

III 

1.5 

3.75 

7 

III 

1.5 

3.75 

8 

I 

1.5 

3.75 

9 

II 

1.5 

1.75 

10 

II 

0.75 

1.75 

Table  2.  Maximal.  Support  Rotations 


Slab 

Rotation 

degrees 

Amax 

L 

percent 

1 

16.3 

14.6 

2 

20.6 

18.8 

3 

14.0 

12.5 

4 

13.1 

11.7 

5 

15.4 

13-8 

6 

14.0 

12.5 

7 

14.5 

12.9 

8 

14.0 

12.5 

9 

16.3 

14.6 

10 

18.4 

16.7 

IK 


D1  WIRE 
(db  =  0.11") 


a.  TYPE  1 


MW 


--  c;  w/flf 
(db  =  0.t1") 


io  55  <o 

MS 

♦**  '  I 

I  *■*  *• 


§t. 


—  D1  WIRE 
(db  -  0. 11") 


|« — 


b.  TYPE  2 


c.  TYPE  3 

Figure  1.  Stirrup  Details. 
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Figure  2.  Principal  Reinforcement  Details. 
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Figure  3*  Cross  Section  of  Reaction  Structure. 
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Figure  4 
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Figure  5.  Posttest  ,fiew. 
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Figure  6.  Slab  1  Midspan  Load-Deflection  Curve. 
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PRESSURE  -  PSI 


Figure  7.  Slab  2  Midspan  Load-Deflection  Curve. 


Figure  8.  Slab  8  Midspan  Load-Deflection  Curve. 
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IMPROVED  I'dXI NG,  GRANULATION  AND  D.iYlUU  Ot  HIGHLY 
fiKEhUtTIC  PYRGMIXTURES 
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A  safer  and  more  efficient  method  of'  mixing,  granulating  ana  arying: 
(MIG  rad)  highly  energetic  (UN  1.1)  pyrotechnic  composition  will  be 
reportea.  The  process  uses  s  hlGRAD  mixer/granulator  that  was  tailoreo  tc 
taix,  gr ar.uj.ate  ar»o  ary  a  pyrotechnic  material  (EG-tG  lbs.)  within  a  single 
mixing  chaaber.  Features  of  tne  process  induce  remote  .Loading  ana 
unloading,  reciucec  solvent,  shortened  mixing  cycle  (*)  nanuses), 
infinitely  variable  speeJ  control  of  mixing  ar<u  granulating  impellers, 
ouilt-in  state-of- toe-art  fire  oetecracn/  suppression  (UV-bOMS,  IK-lUIiS), 
explosion  venting,  iiea  tea-chamber,  vacuum  drying,  remote/  progranmaole 
controls,  anc  remote  mixer  cleanup  usin^  energy  uf  tne  mixer.  The  mixing 
process  wiil  be  evaluated  for  preparation  of  some  >1  pyrotechnic 
compositions  for  five  Arsenuis/Ar.mo  Loaning  Plants.  Hazaras 
Classification  Safety  Data  Sheets  were  prepareo  xcr  tne  'S\  pyrotechnic 
compositions  ana  will  be  reported  along  with  resultant  physical 
properties  of  tne  completes  compositions. 
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Manufacturing  Methods  and  Technology  Project  562/31709:  Improved 
Processing  of  Pyranixtures,  was  I'undeo  by  the  Munitions  Production  Base 
Modernization  Agency  to  develop  better  ano  safer  ways  to  prepare  Class  1.1 
pyrotechnic  fixtures.  Project  responsibility  was  assignee  to  Pine  Bluff 
Arsenal,  with  the  technology  oevelcped  to  oe  shared  with  the  four  other 
installations  within  the  Array's  Armament,  Munitions  and  Chemical  Command 
who  manufacture  pyrotechnic  munitions.  These  installations  are  Longhorn 
Array  Annan iti on  Plant,  Lone  Star  Array  Anminition  Plant,  Lake  City  Array 
Ammunition  Plant  and  Crane  Amy  Anramition  Activity.  Hie  new 
manufacturing  technology  is  to  oe  implemented  thru  modernization  projects 
at  tiie  five  Installations,  to  assure  safer  and  better  manufacturing 
procedures  for  highly  energetic  pyromixtures. 

DISCUSSION 


A  tact  finding  trip  was  naae  to  each  of  the  live  installations 
ei  gaged  in  proauction  of  pyrotechnic  munitions.  Although  the  pyromixtures 
maoe  at  each  plant  are  generally  different,  the  similarity  of  problems  at 
tne  five  plants  was  surprising.  The  basic  problem  was  too  much  exposure 
of  operators  to  the  hazards  of  pyromixture  production  oue  to  the  multiple 
processing  steps  involved.  Typical  processing  steps  follow: 


1.  Load  raw  (Materials  into  mixer 

2.  Mix  the  pyromixtures 

3.  Unload  mixer  ana  manually  lcea  granulator 

4.  Granulate  pyromixture 

5.  Manually  lead  pyromixture  into  dryer 

6.  Manually  unload  aryer 


With  tne  basic  problens  identified,  a  set  of  project  goals  was 
established.  (Figure  1) 
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MIXER  SELECEM 


A  search  was  conducted  to  identify  a  mixer  that  woulo  ensure  proper 
mixing,  granulation  and  vacuum  drying  or  pyrotechnic  powders  and  lenu 
itself  to  restructuring/tailcring  for  accomplishment  of  project  goals. 
The  mixer  selected  was  the  30  liter  branoy  glass  shaped  "Dry  Disperser 
Kixer/Granulator"  maue  by  Baker-Perkins  Chemical  Machinery  Ltu.,  a  British 
firm.  The  mixer  was  marketed  in  the  Uni  tea  States  by  Jaygo,  Inc.  The 
basic  mixer  is  shown  in  Figure  2.  The  mixer  has  two  hydraulically  ariven 
impellers.  Mixing  is  accomplished  by  the  mixing  impeller  located  in  the 
bottom  of  tne  mixer,  while  granulation  is  achieved  oy  the  granulating 
impeller,  cr  chopper,  locatea  in  the  side  of  the  mixer.  The  hydraul  : 
motors  arive  the  impellers  in  infinitely  variable  speeds  from  0-6S0  RPM 
(mixer)  ana  0-1000  (chopper).  The  mixing  bowl  is  jacketed  to  permit 
cooling  or  heating  and  should  meet  ASIC  VIII,  Division  I  (internal  working 
pressure  170  psig).  The  mixer  is  equipped  with  a  hydraulically  activated 
discharge  valve  that  allows  automatic  ana  remote  unloading  of  the  mixer. 

Auxiliary  equipment  was  aoaeo,  as  show  in  Figure  3,  to  permit 
accomplishment  of  project  goals.  Auxiliary  equipment  consisted  cf  the 
following: 

1 .  A  mixer  extension  with  entry  ports  for  aaaing  ary 
raw  materials,  liquid  binders,  ana  deluge  water. 

2.  A  rupture  oisc  (10  psi  rateo)  to  close  the  mixer. 

3.  A  vent  stack  to  vent  any  in  suppressed  fire. 

*l.  Powder  dumpers  and  hopper  lor  remote  raw  material 
loading. 

5.  Hot  ana  chilled  water  circulation  systems  for  bowl 
heating/cooling. 

6.  A  vacuum  pump  and  refrigerated  vapor  conoense:  to 
remove  ana  collect  solvent. 

7.  Tanperature  sensors  to  measure  temperature  of  tne 
product  ana  the  air  above  the  product. 

B.  Piping/ valving  for  mixer  washdown  and  cleanup. 
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Finally »  a  tire  detection/ suppression  system  was  edoea  to  achieve  t ns 
fastest  possible  response  time  (10-50  ms)  in  the  event  of  a  fire.  Tne 
complete  mixer  with  ouilt  in  fire  detection  system  is  shown  in  Figure  4. 
The  fire  detection  sensors  consist  of  infrareo  raaiation  sensor,  pressure 
sensor  (4  psi  rated)  ana  temperature  (210°F/99°C  rated)  installed 
directly  in  the  mixer  extension.  Ultraviolet  radiation  sensors  monitor 
the  operating  bay  and  the  vent  stack.  Deluge  water  is  delivered 
independently  through  a  primac  valve  and  propriwed  delude  lines,  and 
through  c  pressurized  water  storage  reservdir  and  explosively  actuated 
deluge  valve  located  at  tne  mixer. 

MIXER  CAPABILITIES 

The  mixer,  as  uescribea  above,  performs  three  functions.  It  mixes, 
granulates  and  orys  pyrotechnic  mixtures  within  a  single  piece  ex' 
equipment  ano  without  intermediate  handling  steps.  This  new  mixing  system 
was  given  the  name  MG  HAD  System.  HIGRAD.  is  an  acronym  for 
iilxer-Gfianuletor-iiryer.  Features  of  the  mixer  are  listed  in  Figure  5. 

Figure  6  lists  tne  key  mixing  variables  for  the  HIGRAD  Process. 
Proper  balance  ana  control  of  these  variables  results  in  a  well  mixed, 
granular  pyroraixture.  Consistency  from  batch  to  batch  can  be  achieved  by 
using  a  progranmable  controller  to  control  the  interrelationship  of 
variables  once  the  proper  relationship  has  been  extablished 
experimentally . 

The  steps  in  preparation  of  a  typical  pyromixture  batch  are  shown  in 
Figure  7.  Figure  d  is  a  plot  of  temperature  and  vacuum  vs.  time  for  a 
typical  inert  starter  mix  batch.  In  this  plot,  dry  mixing  was 
accomplished  at  50-60°F  (1Q-16°C)  for  about  3  minutes  at  which  time 
binaer  was  addeo  ana  granulation  achieved  about  seven  minutes  into  the 
cycle.  Water  at  150°F  u65°C)  was  introduced  to  the  mixer  bowl  jacket 
ana  vacuum  at  20  in.  H&  (252  MM  Hg  Abs)  was  start ea  at  the  end  of 
granulation.  There  was  a  rapid  increase  in  product  temperature  and  the 
air  temperature  above  the  product  for  the  next  live  minutes.  Vacuum  was 
allowed  to  increase  rapidly  12  minutes  into  to  cycle.  There  was  an 


immediate  decrease  in  proruct  temperature  oue  to  the  cooling  effect  of  th* 
evaporating  solvent  (acetone).  The  product  temperature  reached  its  lowest 
point  sixteen  minutes  into  the  cycle.  Most  of  the  solvent  had  been 

removed  about  22  minutes  into  the  cycle  as  evidenced  by  the  vacuun  level 
becoming  constant  at  about  29  in.  Hg  (23  MM  Hg  Abs).  Drying  was  complete 
when  product  temperature  and  air  temperature  above  the  product  flattened 
out  and  the  two  temperatures  were  about  12CF  (-110C)  apart.  The 

volatile  content  was  0.02%  and  the  granulation  is  shown  in  Figure  d. 
Figures  9  and  10  show  batch  data  plots  for  typical  Starter  Mix  XXV  and 
Delay  Mix  VII  Pyromixtures. 

Tests  to  characterize  the  24  pyromixtures  usea  in  the  study  were 

conducted  at  the  Hazards  Test  Range  locatea  on  the  National  Space 

Technology  Laboratory  grour.as ,  NSTL,  MS.  Figure  11  shows  the  Hazaras 
classification  tests  and  full  scale  blending  tests  conducted  on  the  24 
pyromixtures.  Pyromixture  safety  oata,  which  includes  parametric, 
stability,  sensitivity  ana  output  test  results  are  reported  in  Table  1. 
Key  saiety  data  are  reported  in  Table  2.  Column  1  of  this  oata  snows  the 
burning  rate  in  sec/ cm  of  loose  pyromixture  in  a  Vee  Block  -.St  aevice. 
Pyromixtures  with  burn  times  less  than  0.06  sec/cm  should  be  treated  with 
care  ano  concern.  Six  pyromixtures  had  burning  rates  faster  than  0.06 
sec/cm.  Column  2  lists  electrical  spark  sensitivities  in  joules.  Those 
pyromixtures  that  ignite  with  less  than  one  joule  of  electrical  energy  are 
considered  very  sensitive  to  electrostatic  charge.  Four  pyromixtures  fell 
in  the  sensitive  category.  Column  3  lists  impact  sensitivities  using  the 
Bureau  of  Explosives  test  device.  The  11  pyromixtures  that  exhibited  a 
reaction  at  a  drop  height  of  3.75  inches  are  considered  impact  sensitive. 

Column  4  presents  friction  sensitivity  oata  generatec  on  the  Roto- friction 

2 

device,  Pyromixtures  with  Eq  valves  less  than  100  ft  -  lb  /sec  are 
friction  sensitive,  Nine  pyromixtures  fell  in  the  sensitive  category, 
"olumn  5  lists  pressure  rates  of  rise  in  psi/sec.  Those  with  readings 
greater  than  200  psi  per  secuna  build  pressure  at  a  rate  that  demands 
close  examination  of  the  venting  system  in  case  of  an  unexpecteo  ignition 
and  oeluge  system  failure. 
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Based  on  these  key  safety  data  the  Safety  Consultant  and  Co-author v 
Mr.  Freo  McIntyre,  tias  recommended  against  use  of  the  MIG  HAD  System  for 
four  pyromixtures,  for  reasons  as  follows: 


4QMM  Ignition  Mixture 
Fuel  Mix  VI 

IM-2B  Incendiary  Mixture 
M2 2  Flash  Mixture 


-  Fails  all  live  tests  (new  ignition 
mixture  is  being  developed) 

-  Fails  all  except  impact 
sensitivity  test 

-  Fails  all  except  electrostatic 
sensitivity  test 

-  Pressure  rate  of  rise  exceeds 
mixer's  ability  to  vent 


The  24  pyromixture  formulas  are  shown  in  Figure  12. 


CONCLUSIONS 

The  fuCGRAP  System  nas  design  and  construction  characteristics  that 
permit  mixing,  granulating  anc  crying  of  a  pyromixture  within  a  single 
vessel.  It  has  the  capability  for  remote  loading  of  raw  materials  into 
the  mixer  and  remote  discharge  of  the  completed  mix  catch.  It  has  a 
built-in  fire  detection  system  and  tailor-made  fire  suppression  system 
that  represent  the  latest  state-of-the-art  in  fire  protection  equipment. 
The  system  affords  maximun  operator  protection. 

Safety  data  characterizing  the  24  pyromixtures  co  be  useo  in  the 
study  provide  the  basis  for  decision  making  with  regard  to  the  on-going 
mixing  process  development  studies. 
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FIGURE  6.  KFY  MIXING  VARIABLES  FOR  MIGRAD  PROCESS 


1 .  PLACE  PREWEIGHED  RAW  MATERIALS  IN  DUMPERS . 

2 .  PLACE  BINDER  IN  BINDER  TANK 

3.  REMOTELY  LOAD  RAW  MATERIALS  INTO  MIXER 
(DUMPERS  PLACE  RAW  MATERIALS  INTO  FEEDER 
HOPPER} 

4.  DRY  BLEND  THE  RAW  MATERIALS  FOR  3  MINUTES 
(UNLESS  SAFETY  CONCERNS  PROHIBIT  DRY 
BLENDING} 

5.  ADD  BINDER  AND  RUN  CHOPPER  TO  ACHIEVE 
GRANULATION 

6.  INTRODUCE  HOT  WATER  INTO  MIXING  BOWL 
JACKET  AND  VACUUM  TO  THE  MIXING  BOWL 

7.  CONTROL  MIXING  SPEED,  TIME,  TEMPERATURE 
AND  VACUUM  UNTIL  DRYING  IS  COMPLETE 

8.  OPEN  DISCHARGE  VALVE  TO  DISCHARGE  MIXTURE 
INTO  AWAITING  CONTAINERS 

9.  CLEAN  MIXER  BY  FLUSHING  WITH  CLEANING 
SOLUTION 


FIGURE  7:  STEPS  IN  PREPARING  A  TYPICAL 

PYROMIXTURE 
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FIGURE  8:  MIGRAD  OPERATING  PARAMETERS 
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FIGURE  9 ;  MIGRAD  OPERATING  PARAMETERS 


si 


•*-•**:  «| 

IZW**  «*g 


H  | 


III! 


isO»  t  «N  - 


■■■■■■■■■■■■■■■ 


HB 

SSSSBi  is  ■  PMw 


■BBS 


N  — 


S  S 


s  s  ?  s  a 


FIGURE 


m 


CO 

H* 

CO 

UJ 

h- 


O 

M! 

< 

O 


CO 

CO 

< 

-J 

o 

CO 

<3 

a: 

< 

ISI 

< 


M 

C 

8 

<0 

s 

S 

si 

a 


o 

Ui 


§ 

P 

o 

8 

U. 

| 

i 


UJ  & 

DC  3 

g  1  | 

x  u  2 

til  I-  u 

*•  *  s 

g  s  £ 

H  h- 

I-  M  Z 

2  8 

CD  a.  co 

M  Z  O 

O  O  -J 

H  O  CL 


> 

ti 

_  co 

s  s 

a 

2 


UJ 


a 

> 

co 


S  X 

H  Z  iil 

t-  O  Q 

CO  H  2 


O 

UJ  S 


_  -I 
H  M 

3 


o  o:  m  co 

h 

II.  U.  < 

O  O  <9 


8 

o 


H  CL 
O 


§  S 

UJ  W 
“  UJ 


CO 

IS 

k 

CO 

§ 


tf> 

h 

C0 

UJ 

K 

CD 

Z 

H 

O 

Z 

LU 

-J 

CD 

UJ 

-J 

< 

CJ 

CO 


co 

ui 


< 

S 

h 

8 


CO 

h- 

O 

UJ 


s 

M 


u. 

w 

h* 

a 

o 


g 

CO 


UJ 


H 

U. 


507 


TABLE  2 

KEY  SAFETY  DATA 


u> 


w 


<M 


r.  «D 
|v  CO  ^ 

»ef:g 


88 

f-  CM 


iu> <vpa«  ▼  OM»  M 

18  8BJS3  DP»C- 


u 


M  r-.  «o 
cd  o no 

CM  —  — 


CS>  <9  <9 


©  CD  ®M®  ©  © 


© 

u> 

A 


Eh® 

©j® 

§©  ©  ®  © 

fTi 

m© 

Hu> 

CD)  if)  ©  U)  l/> 

w 

U  A 

4  A 

■*  A  A  A  A 

s 

1® 

SS^SSSSSfifififiO 
u)infJu>u>u>u>u>u)iAiou>u> 
a  a  a  a  a  aaaaaaa 


UJ 

a 

3 

H 

< 

-J 

O 

Z 

UJ 

£ 

O 

z 


(M  —-  © 
-  —  CM 

©  ®  © 


e 


^  G)  CD  CD 
5  CM  CM  CM 

Z  ©  ©  ® 


1^  M-  U)( 

©  —  a>| 


i—  iv  © 
-  cd  JO 


©  —  —leal (o  cm  © 


H 

H 

>  H 
3 

H  UJ  Ul 
X  O'  OC 
H  H  H 
ILL 

>-  I-  K 
<  ©  © 
_j  or  k 

UJ  K  H 
QLL 


M 


X 

£ 

Ul  CO 

uSco 


rs  UJ 

©  K 

©  —  UJ  UJD 

8SSS& 


v/rs-j-^-HUJUJUJ 

uj  u>  x  x  r  £  5  a 


ui 
a 

?s? 

fjx 

ggu'gdSSiilgSSSS 

HX0CUJHUJ3HCL  I- H  H  Z 

& _  ft  ft  m  ft  ^  ft _  •  vr*  Aft  »u>  ft  *  ft _ •  >.  ft 

H 
X 


©  UJ 

832 

et< 

U® 
UXS 


Uft  *  V#  IF  Uri  tic*  *"S  «■  U>  Uk  Uft  DM  4K_  ftL 

P«-feUx!s8agv???agua 

SfSBSieSSS 
- figdfc 


H 
H  3C 
Z 

CD  OC 
H  UJ 
►“ 
E  OC 
%  < 
©  I- 
<■  © 


>•  t-J  2C 

jJ  .  > 


OC 

Ul 


8S  - 

r  2  CO  M  Js  o 

©  5  —  .  o  -i  < 

H  —  ®  H 

I«9N«Ih 


H  —  ®  H  UJ  OC  H 
-  a  h  uj 

ui  io  w  —  —  z  ©  «  j 
p :»  ;*  -•  x  ©  u>  —  ui 

LWlIIHIIL 


_  0£  OC  OC 
H  H  UJ  UJ  W  10 
ZZuU 
(9UZ-C 
H  HH  OC 
h 

<0  00  CO 
<0  CM  © 

—  10  I  10  _ 

I  I  X  CM  CM 
HHHtttt 


_  CL  30 

O  O  X  Z  H 

<  <  ©  <  OC  2 

aa<zho 

1-hJH  H 

co  ©  cm  _j  a>  z 

ww  jtS 

OC  X  H  X  H 


bJ 

5! 

>- 

> 

H 

© 

w 

Z 

X 

H* 

UJ 

a 

P 

X 

s 

-i 

o 

_l 

a 

H 

Z 

h- 

w 

\y 

< 

A 

ft. 

O 

JL 

UJ 

<r\ 

© 

© 

X  a 

HUJ 

CM  _| 

<_j*a«q<o 

<v>CJU.HHUJ 
-J>"  H  xuui 

<1— V»UJ  V/_J 
M  3  UJ 
0>>_JXUIQ 

.J 

hrl>  HO 
\H>  UIQC3C 
0©HZ>  © 

8§&Sgfe8 

v-*©«t-H  X 
ZOWWh 
hJCUJHZUI 

8$w8f&fti2 

h0.r  I  OC  UJ 
©OOUI  uj 

CQI— H  W 

If)  ■  HIM 


509 


PFLAY  MIXTURE  VII  DUG.  NQ.  C  143-12=5 


TMRREDIEN'iS  MATERIAL  SPECIFICATION  MH 

Silicon  MIL-S-230  15.00 
Rea  Leao  TT-R-191  ^5.00 
binder*  0-A-51/KIL-N-244  l.dO 
•Nitrocellulose/Acetone  tt/92%  added  by  dry  weight. 

FIRST  FIRE  VI  MIXTURE  EVIG.  NQ.  B143-9=2 

Silicon  MIL-S-230  33.00 
Red  Lead  'IT— R— 191  55.00 
Titanium  —  12.00 
Binder*  0-A-51/MIL-N-244  1.B0 
*N i tr ocell oluse/Acetone  6/92%  aaced  by  dry  weight. 


FIRST  FIRE  MIXTURE  VII  EWO.  NQ. 


Silicon  MIL-S-230  25.00 
Red  Lead  1T-R-191  25.00 
Titaniun  MIL-T-IS^OS  25.00 
Iron  Oxide  (Reo)  TT-N-244  25.00 
Binder*  0-A-51/MIL-N-244  3.00 
*Nitr ocell oluse/Acetone  6/92%  added  by  dry  weight. 

40->rm  ICKITIQif  MIXTURE  LWG.  NQ.  9322360 

Potassium  Nitrate  M1L-P-156  10.00 
Boron  MIL-B-51 092  21.00 
Barium  Chromate  MIL-B-550  65.00 
VAAR*  MIL-V-50433  4.00 
•Acetone  can  be  aaaed  in  sufficient  amounts  for  proper  consistency. 

STARTER  MIXTURE  XXV  EWG.  NQ.  B1 3-19-96 

Silicon  MIL-S-230  26.00 
Potassiun  .Nitrate  MIL-P-156  35.00 
Charcoal  JAN-C-17&  4.00 
Iron  Oxide  (Black)  MIL- 1-275  22.00 
Aluminum  KIL-A-512  13.00 
Binder®  0-A-51/MIL-N-244  3.00 
•Nitrocellulose/ Acetone  6/92%  added  by  dry  weight. 

FUEL  MIXTURE  VI  OJG.  NQ.  B143-1Q-1 

Potassiun  derate  MIL-P-150  42.00 
Sugar  JJJ-S-791  2b. 00 
Magnesium  Carbonate  MIL-M-11361B  30.00 
Binder*  0-A-51/KIL-N-244  3.40 
•Nitrocellulose/Acetone  6/92%  added  by  dry  weight. 
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Figure  12:  Pyrotechnic  Formulations 


Zinc  Dust 

KIL-Z-365A 

40.00 

Potassium 

Perchlorate 

MIL-P-217 ,  GR  A,  CL  A 

20.00 

Potassium 

Nitrate 

MIL- P-1 56,  CL  2 

20.00 

Aluminum 

MIL- P-1 4067,  IV pe  II 

20.00 

MK-36  IGNITION ,  MIXTURE. IMG.  NO.  10001-2113767 


Aluminum 

MIL- P-1 4067,  Type  II 

15.00 

Boron 

KIL-B-51092 

5.10 

Potassium  Nitrate 

MIL- P-1 56,  CL  2 

35.00 

Acetone 

Q-A-51 

10.60 

Hexane 

WS-7692 

31.60 

Binaer* 

DWG  2151330 

2.01 

•Copolymer  cut  into 

smaller  pieces. 

MK-117  FIR  SI'  FIRE  MIXTURE  DWG.  NO.  MIL- STD-7  2Q  A 


Bariun  Nitrate 

MIL- B- 162 

50.00 

Tecranitrocarbazole 

MIL-T-13723 

10.00 

Zirconium  Hydride 

MIL-Z-21 353 

15.00 

Silicon 

MIL-S-230,  GR  B,  CL  B 

20.00 

Catalyst  (Lupersol  DDM) 

MIL- STD-7 08 

Resin  (Laninac  4110) 

MIL- STD-708 

5.00 

K18-0  ILLUMINATING  MIXTURE  DWG.  N0.1QQ01 -2151714 


Magnesium  MIL-P-140&7  60.00 

Sodium  Nitrate  MIL-S-322,  GR  B,  CL  2  35.00 

Flare  Binaer  System*  5.00 

•Epoxy  resin  70%  Dow  Chem  Co-DER-321  CIBA  Prod.  Co-ARAlidite  507  Polytnide 
Curring  Agent  Dow  Chem  DfcH-14  Gen.  Mill-Versamia  140 

M54Q  DELAY  IGNITION  MIXTURE  DWG.  NO.  9235983 

Zirconium 

KIL-Z-390 

65.00 

Iron  Oxide 

MIL- 1-706 

25.00 

Diatomaceous  Earth 

10.00 

VAAR 

MIL-V-50433 

M53  DELAY  MIXTURE  EMC.  NO.  Q231376 

1.00 

Silicon 

MIL-S-230 

16.35 

Red  Lead  Oxide 

IT— R— 191 

73.31 

Binder* 

3.34 

■Binder:  Nitrocelloluse  96S,  Ethyl-Centralite  2%,  Acetone. 

m  (R5Q6  TRACER)  MIXIURELDWG.  NQ.  11738312  HCSDS  NQ..  321  -Rev. 


Strontium  Nitrate 

MIL- S- 20 322 

44.00 

Magnesium  (100/200) 

MIL-P-13067 

21.00 

Magnesium  (200/325) 

MIL- P-1 4067 

21.00 

Dechl crane 

DWG.  NO.  11736314 

7.00 

VAAR 

MIL-V-50433 

7.00 

Figure  12:  Pyrotechnic  Formulations  (Continued) 


P£LLEI  MIXTURE  Mi.  NO..  057421 


Potassiun  Nitrate  MIL-P-156  70  <,70 

Boron  (Amorphous)  0S1168  23*70 

Binder*  5.60 

"Laminae  Resin  98*;  Lupersol  DDM  2%,  Acetone. 

1-136  IGNITION  MIXTURE  DWG.  NO.  B10522417  HCSDS  NQ.  1314  Rev 

Calcitxn  Resina te  MIL-C-20470  10.00 

Strontium  Peroxide  MIL-S-612  90.00 

1548  IGNITION  MIXTURE  DWG.  NO.  B110T5772  KCSDS  NO,  1311  Rev 

Strontiun  Peroxide  KIL-S-612  65.00 

Calciun  Resina te  MIL-C-20470,  Type  I  13.00 

Calcium  Resina te  MIL-C-20470,  Type  II  7.00 

Magnesium  MIL-M-382,  Type  III,  Gran  II  15.00 

Itt-26  -INCENDIARY  MIXTURE  ML.  N0.-B10522394 

Bariun  Nitrate  MIL-B-162  40.00 

Potassiun  Perchlorate  MIL-P-217  20.00 

Mag-Aluminum  Alloy  JAN-M-M54  50.00 

R256  TRACER  MIXTURE  DWG.  NO.  B1 0521775  HCSDS  NO.  1356  Rev 

Strontiun  Peroxide  FiIL-S-612  26.70 

Strontiun  Oxalate  KIL-S-12210  5.00 

Calciun  Resina te  MIL-C-20470,  Type  I  6.70 

Calciun  Resinate  K[L-C-20470 ,  Type  II  1.60 

Strontiun  Nitrate  MIL-S-20322  33.30 

Magnesium  MIL-M-382,  Type  III,  Gran  II  26.70 


Strontium  Nitrate 

MU.  LTlUi  IVi  Q  nvwi/w  HVi 

MIL-S-20322 

IVC.WJ _ ELCX-C. 

55.00 

Magnesiun 

MIL-M-382 ,  Type  III,  Gran  II 

28.00 

Polyvinyl  Chloride 

MIL-F-20307 

17.00 

R506  TRACER  MIXTURE  DWG.  NO.  C11Q75777  HCSDS  NO 

.  1345  Rev 

Strontiun  Nitrate 

MI L-S- 20333,  GR  A  or  B 

42.00  (Min) 

Calciun  Resinate 

MIL-C-20470,  Type  II 

20.25  (Max) 

Magnesiun 

MIL-M-362 ,  Type  III,  Gran  II 

25.00 

Oxamide 

MIL-0-60863,  GR  B,  Note  4 

13.12  (Max) 

Polyethylene 

L-P390 ,  Type  I,  GR  2 

3.75  (Max) 

M22  FLASH  MIXTURE  DWG.  NO.  11749643 

Magnesiun  (200/325) 

MIL- P-1 4067,  Type  I 

75.00 

Poly tetraflourethyl ene 

L- P-403,  Type  IV,  Class  1 

10.00 

Flouroelastomer 

117949634 

15.00 

Pyrotechnic  Formulations  (Continued) 
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Figure  12: 


iUMSlML  MM  ML  Hu*  -MM  HCSBS  ML-31L  tev  Jl 


Magnesium  ( 30/50 >  HIL-P-14067  51.00 
Soaiun  Nitrate  DWG.  NO.  9216973  (prilled)  42.00 
Binaer*  7.00 
*Epon  620  25. 5%,  Polysulfide  LP-33  71.4%,  Haroner  DEH  24  3.1% 

M9AL_IRIP  FLAF.E  MIXTURE  DWG.  NO.  9269024  HCSDS  NO.  1061  Rev 

Magnesiun  (20/50)  MIL-P-1406Y  40.00 
Sodiun  Nitrate  KIL-S-322  49.00 
Binaer*  1 1 .00 
*Lan.inac  4116  93,6%,  Lupersol  DDM  1.3%,  Cobalt  Naphenate  0.01% 

E49AI  IGNITION  MIXTURE  DWG.  NO.  0260025  HCSDS  NO.  347  Rev  D 

Sodium  Nitrate  KIL-S-322  45.90 
Magnesium  (30/50)  MIL-P-14067,  Type  IV  49.40 
VAAR  MIL-V-50433  4.70 


\ 


Figure  12:  Pyrotechnic  Formulations  (Continued) 
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VENTED  SUPPRESSIVE  SHIELDING 
IN 

PYROTECHNIC  OPERATIONS 
BY 

M.  C.  Hudson  and  C.  Williams 
Naval  Ordnance  Station,  Indian  Head,  Maryland 

and 

D.  J.  Katsants,  PhD,  and  W.  P.  Henderson 
T  &  E  International,  Bel  Air,  Maryland 


SYNOPSIS 

lechnoloqlcel  advances  In  propulsion  system  design  and  corresponding  demands 
for  more  energetic  Igniter  materials  have  pressed  the  capacity  of  rocket 
Igniter  manufacturing  facilities  at  the  Naval  Ordnance  Station,  Indian  Head. 

A  survey  of  operations  was  made  and  methods  of  enhancing  space  utilization 
and  safety  were  evaluated.  The  vented  suppressive  shielding  technology  was 
selected.  Application  of  this  technology  permits  handling  of  increased 
pyrotechnic  quantity  and  reduces  non-productive  personnel  movement  with 
Improved  safety.  Design  considerations  and  testing  results  are  presented^^ 
(The  complete  engineering  analysis  and  test  results  are  to  be  publ Ished  asNa 
NAYORDSTA,  Indian  Head  technical  report.) 


t.  INTRODUCTION 


Manufacturing  requirements  for  rocket  Igniters  were  exceeding  the 
capacity  of  existing  facilities  of  tho  Ignition  Devices  Branch, 

Manufacturing  Technology  Division  at  the  Naval  Ordnance  Station,  Indian 
Head.  Enhanced  productivity  was  required  without  compromising  safety.  This 
problem  was  approached  and  resolved  by  the  following  actions. 

First,  manufacturing  operations  wero  surveyed  to  Identify  hazards  and 
to  analyze  operation  functions,  material  flow  and  process  stations, 
equipment,  and  Igniter  compositions  used. 

The  survey  was  followed  by  the  decision  to  use  vented  suppressive 
shielding  to  Improve  utilization  of  space  and  safety.  Vented  Suppressive 
Shielding  (VSS)  Is  a  form  of  barricade  developed  to  protect  personnel  and 
equipment  from  the  effect  of  accidental  explosions. 

The  decision  was  Implemented  by  contracting  with  T  4  E  International  of 
Bel  Air  Maryland  to  design,  fabricate  and  test  several  VSS.  These  have  been 
Installed  at  NOS  Indian  Head.  This  paper  reports  results  of  the  survey, 
describes  the  VSS  designs,  presents  the  test  results  and  explains  briefly 
the  NOS  implementation  In  the  rocket  Igniter  manufacturing  area. 


II.  SURVEY  OF  OPERATIONS 

Rocket  Igniter  manufacturing  operations  were  surveyed.  The  objective 
of  the  survey  was  to  gather  the  data  necessary  for  space  util Izatlon 
improvements  In  the  fol lowing  categories:  physical  measurements,  operations 
end  functions,  work  stations,  material  flow,  equipment  and  facilities. 

Floor  plans  and  buildings  were  reviewed  to  determine  type  of  structure, 
dimensions  and  services  available. 

a.  Operations 

Typical  Igniter  manufacturing  operations  were  investigated  and  analyzed 
In  the  survey.  Standard  Job  Procedures  ($JPfs)  were  studied  and  classified 
according  to  the  type  of  Operation.  Several  of  these  (SJP’s)  were  analyzed 
to  develop  general  categories  of  manufacturing  functions,  from  this 
analysis,  seven  classes  of  r cnufactur Ing  functions  were  obtained  and  every 
(SJP)  was  then  reviewed  to  prepare  a  manufacturing  function  matrix  for  the 
18  Items  currently  manufactured  In  the  facility.  The  seven  classes  of 
manufacturing  functions  Ide  :fled  were: 

Setup  of  equipment 

Preparation  of  material  and  parts 

Loading  of  pyrotechnic  material 

Assemb I y 

Packout 
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Disassembly  for  rework 

Repa I r 

b.  Material  Flow 

The  objective  of  the  material  flow  system  » s,  to  have  the  work  flow 
safely  and  smoothly  from  one  station  to  another  through  the  facility  with  a 
minimum  of  wasted  space  and  effort.  Work  In  the  rocket  Igniter  facility  Is 
primarily  product  oriented,  although  certain  specific  operations,  such  as 
soldering,  painting,  gluing  and  welding  must  be  fixed  tr.  place  for  health 
and  safety  reasons  or  because  the  process  equipment  Is  not  easily  moved. 

When  process  equipment  and  In-process  storage  Is  placed  In  a  layout. 

Its  location  is  usually  optimized  to  minimize  material  handling  and  space 
demands.  However,  tie  optimum  operation  layout  Is  not  the  same  for  all 
Igniters  and  Is  not  always  practical  because  of  constraints  for  safe 
operation  and  storage  of  hazardous  material.  Because  of  the  variety  of 
products  manufactured  and  the  limited  quantities  produced,  facilities  had  to 
be  flexible  and  dedicated  manufacturing  lines  were  not  feasible. 

Analysis  of  the  survey  Information  resulted  In  several  recommendations 
to  improve  space  utilization  and  operational  efficiency.  These 
recommendations  were  to  use  VSS  for  the  following: 

1.  Shielding  barricade 

2.  Mobile  vented  shielding  storage  cart 

3.  Vented  shielding  test  chamber 

T  4  E  International,  Inc.,  accomp* ished  this  survey  and  was  further 
contracted  to  design,  fabricate  and  proof  te-t  the  VSS  equipment  required. 


i i i .  VENTED  SUPPRESS  I VE  SHIELDING 

VSS  was  developed  as  a  p«.rt  of  the  U.  S.  Army  Manufacturing  Tecnnology 
Program  to  protect  personnel  and  equipment  from  explosive  Incidents.  The 
development  of  VSS  has  been  reported  In  prior  publications  such  as  POD 
Explosive  Seminar  minutes. 

The  VSS  concept  essentially  was  Interlocked  angle  Iron  for  fragment 
shielding  and  perforated  steel  plates  and  copper  screen  for  heat  absorption 
as  shown  In  Figure  1.  This  combination  allows  explosion  gas  oressure  to  be 
vented  at  a  controlled  rate  and  cooled  to  limit  thermal  hazard. 

The  five  suppressive  shield  group  designs  approved  by  the  Deportment  of 
Defense  Explosives  Safety  Board  <Groups  3,  1,  5,  A  and  8!~mm)  have  been 
designed  to  meet  requirements  for  most  applications  of  ammunition  load, 
assemble,  and  pack  (LAP).  However,  specific  shield  requirements  will  vary 
with  other  applications  and,  even  with  LAP  applications,  design  details  will 
vary  from  plant  to  plant,  and  between  munitions  or  different  operations  on 
the  line.  It  Is  necessary  to  modify  the  approved  shields  to  adapt  them  to 
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the  operation  under  consideration.  A  modified  group  5  design  was  appl led  to 
the  NOS,  Indian  Head  rocket  Igniter  manufacturing  operations. 

Evaluation  tests  were  conducted  In  a  test  fixture,  shown  In  Figure  2. 
This  fixture  allowed  for  variation  In  shielding  to  evaluate  different 
structural  materials  end  arrangements. 


IV.  DESIGN  OF  VSS  EQUIPMENT 

Three  l teas  of  equipment  were  designed.  These  were  an  Igniter 
continuity  tost  chamber,  a  mobile  storage  cart  and  a  shielding  wall  tor  an 
Igniter  soldoring  facility. 

a.  Continuity  Test  Chamber 

The  continuity  test  chamber  designed  by  T  A  El  Is  verted  on  three  sides 
with  solid  uteel  plates  or.  top,  bcftom,  and  door.  Hot  gaseous  products  of 
combustion  are  vented  through  tbgui=hree  VSS  side  paneir  and  directed  away 
from  the  operator  station  t n  front  of  the  sol  Id  steal  door.  The  VSS  chamber 
vents  the  products  tf  combustion,  reduces  their  pressure  and  temperature, 
confines  hot  particles  and  metal  fragments,  and  permits  water  from  the 
deluge  system  to  enter.  The  test  chamber  is  shown  In  Figure  3. 

b.  Mobile  VSS  Storage  Cart 

The  mobile  wheeled  storage  cart  was  designed  with  drawers  using  the 
vented  shield  concept.  This  cart  is  shown  In  Figure  4.  The  cart  was 
oesfgr.ed  so  It  can  be  wheeled  In  position  convenient  to  the  manufacturing 
operations  and  can  permit  the  operators  to  move  quantities  of  completed  and 
In-process  Items  to  other  operations  and/or  holding  bays.  The  operational 
concept  Includes  a  cart  with  In-process  Igniters  in  tne  drawers  at  a  work 
station  and  the  completed  devices  In  ihe  drawers  of  another  cart.  An  In- 
process  Ignitor  component  Is  removed  from  the  drawer  by  an  operator,  the 
operation  Is  performed  and  the  completed  device  Is  pieced  In  ths  drawer  of 
another  cart.  When  the  drawers  In  a  cart  are  filled  with  completed  work, 
the  cart  with  In-process  Igniter  components  Is  empty  and  Is  taken  to  b» 
refilled.  The  cart  tilled  with  completed  Igniter  devices  Is  wheeled  to  a 
staging  or  storage  area  for  packaging  and  shipment.  Use  of  the  VSS  cart 
minimizes  the  handling  of  components  and  completed  Igniters  and  allows 
Increased  quantity  of  material  at  a  work  station  without  Increasing  risk. 

The  cert  Is  shown  In  Figure  4. 

c.  Labyrinth  VSS  Wall 

A  VSS  labyrinth  wall  was  designed  for  an  Igniter  induction  soldering 
operation.  This  shield  allows  The  operator  to  remain  in  tne  same  bay  during 
the  soldering  operation  and  Improves  space  utilization.  This  shielding 
Installation  Is  shown  In  Figure  5  The  wall  was  designed  to  the  standards 
for  Typo  5  shielding  approved  by  The  0DES8,  consequently,  no  proof  tests 
were  required  for  the  labyrinth  shield. 


V.  TESTING  PLAN 


The  engineering  design  and  proof  tests  had  the  following  three  major 
purposes: 

a.  Demonstrate  empirically  that  the  suppressive  shield  panels  reduce 
the  hazardous  effects  of  fragments,  hot  particles,  flame,  heat  flux,  and  gas 
pressure  to  an  operator  safe  I evel . 

b.  Determine  by  test  the  maximum  temperature.,  force,  hot  particle 
Impact,  and  fragment  Impact  which  a  given  VSS  panel  will  withstand. 

c.  Obtain  and  reccrd  data  for  suppression  and  containment  of  the 
hazardous  flame,  metal  fragments,  hot  particles,  end  pressure  effects  from 
combustion  of  up  to  2250  grams  of  Igniter  material  such  as,  MTV  or  BKN03 
within  the  continuity  test  equipment.  The  purpose  of  this  date,  obtained 
from  Igniter  quantities  which  are  25  percent  above  the  design  charge  Is  to 
justify  safety  for  use  with  1800  grams. 

A  test  fixture  was  fabricated  to  permit  empirical  evaluation  of  design 
variables.  Proof  tests  were  performed  on  the  test  chmber  and  the  portable 
storage  cart.  Instrumentation  for  blast  pressure,  temperature,  strain  and 
heat  flux  was  provided  for  the  testing.  Photo  and  video  documentation  was 
obtained  on  the  tests.  The  testing  was  conducted  for  T  i  E  International  by 
the  Wrlght-Mslta  Test  Facll I tv  In  New  Nork. 

V  I .  TEST  RESULTS 

A  total  of  18  tests  were  conducted  In  the  test  program  for  the  test 
fixture  and  continuity  test  chamber.  The  first  nine  exploratory,  open  air 
tests  established  the  Ignition  method  and  provided  a  photographic  and  video 
base  for  visual  comparison  of  supprosslon  effects.  Seven  special  panel 
tests  provided  data  for  determination  of  vented  suppressive  shield  cart 
(VS5C)  panel  component  material,  panel  structure,  and  a  maximum  Igniter 
charge  weight  that  *ould  not  plastically  deform  the  panel  components.  Two 
proof  tests  verified  the  VSS  equipment  was  adequate  for  use  with  Igniters 
with  one  pound  of  BKNO  or  MTV  material. 

3 

The  evaluation  tests  are  shown  In  Table  1.  Summary  of  Tests.  High 
speed  motion  picture  and  video-tapes  provide  a  comparison  of  unsuppressed 
(open  air)  and  suppressed  (in  the  vented  shielding)  burning  of  the  test 
materials.  Data  from  the  pressure,  heaf  flux  and  thermal  Instrumentation 
have  been  studied  by  T  &  El  and  significant  features  are  reported. 

Design  engineering  analysis  Indicated  that  the  maximum  pressure 
expected  within  the  vented  suppressive  shield  equipment  (VSSE)  would  be  72 
psl  and  pressure  within  the  vented  suppressive  shield  test  fixture  (VSSF) 
would  be  170  psl  with  an  Igniter  charge  of  100  grams  of  BKNQ3.  This 
analysis  assumed  that  the  icnlter  material  burned  before  any  gas  vented 
through  the  panels.  However,  from  the  tests.  It  is  clear  that  the  products 
of  combustion  were  venting  through  the  panels  as  the  BKNQ3  is  burning.  For 
ch*  weights  up  to  454  grams  BKN03,  no  measurable  pressure  builds  up  In 
eltr^  the  VSSF  or  the  VSSE  (continuity  test  chamber).  Consequently,  no 
measurable  blast  pressure  Is  produced  outside  of  either  the  VSSF  or  VSSE. 
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Testing  with  MTV  tovmSs  that  It  Is  harder  to  Ignlta  and*  at 
atmospheric  pressure,  Is  slowar  to  burn  than  BKN03;  therefore,  Internal  gas 
pressures  wllh  MTV  also  did  not  build  up  to  a  measurable  I  aval. 

Ho Isa  and  smoke  from  audio  and  visual  obsarvatlon  demonstrate  turbulent 
gas  flow  as  tha  MTV  products  of  combustion  ere  forcad  through  tha  VSS  panals 
with  a  pop  and  a  hissing  sound*  A  remarkable  result  of  burning  MTV  Is 
combustible  products  of  combustion.  These  do  not  oxtdi2e  completely  In  tha 
oxygen  deficient  atmosphere  within  tha  tes4  fixture  of  YSSE,  but  are  forcad 
through  tha  VSS  panals  and  Ignlta  In  tho  ambient  air.  This  phenomena  ts 
seen  In  tha  tapes  and  high  spaed  films  of  tha  tests,  and  was  clearly  evident 
In  observation  of  tha  test.  Study  of  tha  chemical  reactions  which  occur  in 
burning  MTV  indicate  Intermediate  products  which  are  toxic  as  well  as 
combustible,  it  Is  possible  to  reduce  the  heat  content  of  the  vented  gases 
by  redesign  of  the  panels,  and  It  may  be  possible  to  reduce  the  heat  to  such 
a  degree  that  the  Intermediate  products  of  combustion  will  not  burn. 

Data  on  fragments,  particles,  and  smoke  were  obtained  from  high  speed 
motion  pictures,  video  tapes,  and  observation  of  the  test.  Since  the  first 
nine  open  air  tests  were  conducted  with  the  charge  In  paper  cups,  fragments 
other  than  the  electric  match  remnants  were  not  expected,  but  smoke  and 
flying  burning  grains  and  pellets  were  expected  and  were  seen.  Many  burning 
MTV  grains  were  thrown  more  than  10  feet  from  the  Ignition  point  and,  »n  tl.e 
high  speed  motion  pictures,  burning  BKN03  pellets  were  seen  dying  several 
feet  from  the  Ignition  point. 

Every  test  released  quantities  of  smoke.  A  short,  brilliant  flash  and 
quickly  dissipating  white  smoke  accompanied  burning  BKNQ3,  but  thick  black 
billows  of  smoke  and  flame  from  burning  MTV  lasted  about  5  seconds.  Heat 
flux  from  tests  In  the  VSSF  are  listed  In  Table  II. 

Heat  flux  and  temperature  data  for  Test  10  indicate  values  well  below 
threshold  for  Injury  when  125  grams  of  BKN03  are  Ignited  and  burned  In  the 
VSSF  with  panels  which  consist  of  six  aluminum  perforated  plates,  five 
copper  wire  cloth  sheets  and  no  angle  units.  However,  the  thermal  effects 
data  from  Test  11  Indicates  marginal  protection  for  personnel  when  125  grams 
of  MTV  are  ignited  and  burned  In  the  VSSF  with  the  aluminum  perforated 
plates,  copper  wire  cloth,  and  no  angle  units.  Subsequent  to  Test  II,  the 
level  of  suppression  of  the  VSSF  was  Increased  by  substituting  an  angle  unit 
for  two  of  the  corrugated  perforated  plates  and,  to  combat  the  me* ting, 
steel  components  were  substituted  for  aluminum.  The  angle  units  usee*  were 
fabricated  from  1/2  Inch  angles.  Thermal  data  from  Test  14  with  MTV  show 
the  heat  flux  and  temperatures  are  reduced  below  the  maximum  allowable  level 
as  expected  with  the  Increased  suppression. 

After  the  tests  at  the  125  gram  proof  charge  level  demonstrated 
successful  suppression  of  thermal  hazards,  the  tes+  plan  was  followed  to 
Increase  Igniter  charge  weights  and  explore  the  limits  of  protection  and 
strength  of  the  panel  layers  In  the  VSSF.  Accordingly,  Igniter  charge 
weights  were  Increased  stepwise  to  454  grams,  at  which  point  protection 
limits  began  to  appear.  Table  III  i  Ists  tests  with  454  grams  of  Igniter 
material  and  shows  heat  flux  at  the  allowable  limit  when  BKNQ3  Is  burned  In 
the  VSSF  configured  with  four  perforated  steel  plates,  t'ive  copper  wire 
cloth  sheets,  and  an  angle  unit  with  1/2  Inch  steel  angles.  The  data  rlso 
snow  the  expected  increase  In  thermal  suppression  when  the  Internal  volume 
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Is  Increased  from  1  cu.  ft.  In  the  VSSF  to  3.4  cu.  ft.  In  the  VSS  continuity 
test  chamber. 

Since  the  data  on  thermal  affects  showed  the  allowable  : imlt  had  been 
reached  and  burning  time  data  from  the  light  sensor  Inside  the  VSSF  showed 
decreased  burning  time  which  Indicates  the  onset  of  pressure  confinement 
effects,  the  test  were  concluded  at  the  434  gram  level. 


VII.  MOBILE  VSS  CART  TEST  RESULTS 

A  total  of  6  tests  listed  In  Table  IV  were  conducted  to  evaluate  the 
mobile  VSSC.  Three  open  air  tests  we~e  conducted  to  provide  a  photographic 
and  video  base  for  visual  comparison  of  suppression  effects  between  the  open 
air  and  ln-*cart  tests.  Three  In-cart  proof  tests  were  conducted  to  evaluate 
the  design  and  fabrication  techniques  of  the  cart.  These  proof  fusts 
verified  the  adequacy  of  the  cart  for  use  with  16  MK287  MOO-O  Igniters  and 
with  open  pan  quantities  of  BKN03  and  MTV  up  to  5  lbs.  Heat  flux  tests  from 
the  cart  tests  are  presented  In  Table  V. 

The  criteria  necessary  to  design  an  operational  shield  which  will 
protect  personnel  from  thermal,  pressure,  and  fragment  hasards  resulting 
from  detonation  of  explosives  or  deflagration  of  propellants  and  Igniter 
compositions  are  given  In  DOD  MIL  STD  -  398,  "Shields,  Operational  for 
Ammunition  Operations,  Criteria  for  Design  of  and  Test  for  Acceptance,  " 
dated  5  Nov.  76.  Allowable  heat  flux  Is  determined  bv: 

0.7423 

f  -  0.062/t 

2 

f  «  heat  flux  In  cal, /cm  -  sac 

t  «  total  time  In  seconds  that  a  person  Is  exposed  to  the  radiant 
heat 

Thermal  effects  constraints  require  that?  (a)  all  operating  personnel 
be  located  at  a  distance  from  the  shield  that  assures  their  exposure  is  less 
than  the  f!ux  determined  by  the  above  equation,  and  (b)  the  upper  torso  of 
an  operator's  bedy  shall  not  be  subjected  to  any  visible  fire  or  flame. 

Flame  Impingement  upon  the  lower  portion  of  the  body  may  be  permitted 
provided  that  the  heat  flux  specified  above  Is  not  exceeded. 

Video  tapes  and  high  speed  motion  picture  photographs  of  the  VSSC 
Indicate  no  visible  flame  at  th©  operator's  position  In  front  of  the 
drawer*'.  Visible  flame  extended  less  than  3  feet  to  the  side  of  the  cart 
and  4  reef  above.  Measured  duration  of  heat  flux  was  In  every  case  less 
than  1.25  seconds.  From  the  equation  above  allowable  heat  flux  would  be 
0.53  ca|./cm2  -  sec.  The  measured  values  of  heat  flux  at  the  operator's 
station,  which  Is  30  Inches  from  the  VSSC  In  front  of  the  drawers  are  below 
that  limit.  Consequently,  visible  flame,  not  heat  flux.  Is  the  determining 
factor  for  personnel  safety.  Operators  In  front  of  me  drawers  would  not  be 
subjected  to  visible  flame.*  Casual  visitors  who  pass  by  within  1  foot  of 
the  VSSC  side  panels  during  burning  would  be  exposed  to  heat  flux  above  the 
threshold  for  burns  on  exposed  skin.  At  5  feet  from  the  side  panels,  the 
heat  flux  Is  below  the  threshold. 
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VIII.  CONCLUSIONS 


Analysis  of  tha  fast  results  for  thermal  and  pressure  exposure  proves 
that  the  VSS  continuity  test  chamber  and  the  Mobile  VSS  Storage  Cart  ell  I 
suppress  the  hazardous  effects  resulting  from  unintentional  Ignition  of 
pyrotechnic  material  and  devices  during  manufacturing  operations  up  to  the 
doslgn  quantity.  Modifications  to  the  cart  design  are  being  considered  to 
reduce  weight  and  possibly  Increase  suppressive  capability. 

The  VSS  continuity  test  chamber  and  Mobile  VSS  Storage  Cart  are  being 
Incorporated  Into  Igniter  manufacturing  oparatlons.  A  labyrinth  VSS  wall 
has  been  Installed  to  allow  rocket  Igniter  assembly  and  Induction  soldering 
In  one  bey  tor  productivity  enhancement.  The  operation  arrangement  is 
Indicated  in  Figure  6. 
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TABLE  i.  SUMMARY  OF  VSS  TESTS 


Test  No. 

Malarial 

Quantity 

.Etxtur.e 

Ranarhs 

1 

BKN03 

50  gms. 

Open  Air 

For  fireball  evaluation 

2 

BKN03 

100  gms. 

Open  Air 

For  fireball  evaluation 

3 

BKN03 

125  gms. 

Open  Air 

For  fireball  evaluation 

4 

MTV 

50  gms. 

Open  Air 

No  test#  did  not 

Ignite* 

5 

MTV 

50  gms. 

Open  Air 

No  test#  did  not 

Ignite* 

6 

MTV 

50  gms. 

Open  Air 

For  fireball  evaluation 

7 

MTV 

100  gms. 

Open  Air 

No  test,  did  not 

1 gn I te* 

6 

MTV 

100  gms. 

Open  Air 

For  fireball  evaluation 

9 

MTV 

125  gms. 

Open  Air 

For  fireball  evaluation 

10 

BKN03 

125  gms. 

Test  f 1 xture 

Smoke,  no  damage 
al uminum  panel s 

i: 

MTV 

125  gms. 

No  angles 

Melted  Inner  aluminum 
perforated  p’ate. 

«■* 

BKN03 

125  gms. 

Open  Air 

Demonstrations  for 

NOSIH  personnel 

— 

MTV 

125  gms. 

Open  Air 

Demonstrations  for 

NOSIH  personnel 

12 

BKNC3 

250  gms. 

Test  f 1 xture 
steel  panels 

Smoke  &  flash  no  damage 

13 

BKN03 

454  gms. 

Test  fixture 
steel  panels 

Smoke  &  flash  no  damage 

14 

MTV 

125  gms. 

Test  fixture 
steel  panels 

Smoke  4  flash,  no 
damage 

15 

MTV 

250  gms. 

Test  fixture 
steel  panels 

Smoke  4  flash,  no 
damage 

*Dlff  Iculty  was  experienced  In  developing  a  re I [able  method  for  Igniting  the 
MTV, 
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TABLE 

1 1.  HEAT  FLIJX  FROM  TEST  FIXTURE 

(VSSF) 

Test 

Material 

Quantity 

Gage 

Heat  F 1 ux 

Lora+lnn 

Pa  | /rm  9«eor 

10 

BKN03 

125  gms 

1.0  ft. 

0.331 

2.5 

0.056 

5.0 

0.002 

11 

MTV 

125  gms 

1.0 

Off  scale 

2.5 

0.023 

5.0 

0.026 

14 

MTV 

125  gms 

1.0 

0.030 

2.5 

0.013 

2.0 

0.003 

TABLE 

III.  HEAT 

FLUX  -  PROOF 

TEST  RESULTS 

Test 

Material 

Quantity 

Gage 

Heat  FI ux 

Nc. 

Loca+fon 

Cal /cm  2-sec 

13 

BKN03 

454  gms 

1.0  ft. 

1.9 

2.5 

2.3 

5.0 

0.5 

16 

MTV 

454  gms 

1.0 

0.6 

2,5 

0.4 

5.0 

0.1 

17 

BKNQ3 

454  gms 

1.0 

0.3 

2.5 

0.6 

5.0 

0.1 

18 

MTV 

454  gms 

1.0 

0.3 

2.5 

0.1 

5.0 

0.1 

Remarks 


Six  aluminum  per¬ 
forated  plates, 
no  angle  units 

Six  aluminum  per¬ 
forated  plates, 
no  angle  units 

Four  steel  per¬ 
forated  plates, 
1/2  Inch  steel 
angle  unit 


Remarks 


Test  fixture  with 
4  steel  perforated 
plates  and  1/2  Inch 
angle  unit 

Test  fixture  with 
4  steel  perforated 
plates  and  1/2  Inch 
angle  unit 

Igniter  electrical  test 

chamber  proof 

test 

Igniter  electrical 
chamber  proof  test 
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TABLE  IV,  SUMMARY  OF  VSS  CART  TESTS 


Test 

No. 

Test 

Item 

Quantity 

Test 

Condition 

Remarks 

1 

Bulk 

BKNQ3 

5  lbs 

Open  air 

Material  In  metal  can,  open 
at  top 

2 

Bulk 

MTV 

5  lbs 

Open  air 

Material  In  metal  can,  open 
at  top 

3 

Igniter 

1 

Open  air 

One  MK  287  MOD-O  for 
unsuppressed  effect 

A 

Igniters 

16 

In  cart 

9  kK  287  MOD-O  Igniters  In 
second  drawer.  Seven  MK  287 
MODO  Igniters  In  top  drawer 

5 

BKN03 

5  lbs 

In  cart 

9  pans  In  one  drawer  and  S 
pans  In  next  drawer  above 

6 


MTV  In 


5  lbs 


In  cart 


9  pans  in  one  drawer  and  9 


VENTED  SUPPRESIVE  SHIELDING 
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FIGURE  4.  VSS  CART 


FIGURE  5.  LABYRINTH  WALL  ENTRANCE 
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FIGURE  t=. 


26-28  AUGUST  1986 


ULTRA  HIGH  SPEED  DELUGE  SYSTEMS 
(DDESB  SEMINAR) 


1.  Pre-primed  ultra  high  speed  deluge  systems  are  used  to  protect  personnel, 
process  equioment,  and  buildings  from  the  fire  and  thermal  hazard  presented  by 
munition  operations  such  as  weighing,  pressing,  pelletizing,  propellant 
loading,  melting,  extrusion,  mixing,  blending,  screening,  sawing,  granulating, 
drying,  and  pouring.  An  ultra  high  speed  deluge  system  is  designed  to  apply 
large  volumes  of  water  in  an  extremely  short  (milliseconds)  period  of  tlme^A 
pre-primed  ultra  high  speed  deluge  system  utilizes  the  following  componentiFs, 

-  Flame  detector  (ultraviolet  or  Infrared). 

-  Controller. 

-  Valve  (squib  or  solenoid  operated). 

-  Piping. 

-  Nozzles. 

2.  When  a  flame  detector  senses  the  radiant  energy  of  a  flame  or  fire  within 
its  field  of  coverage,  it  will  respond  within  milliseconds  sending  a  signal 
to  the  controller.  The  controller  in  turn  sends  a  signal  to  the  valve  to 
open.  Opening  of  the  valve  permits  line  water  pressure  to  be  applied  to  the 
prlning  water  already  in  the  pipe  behind  the  nozzles,  causing  water  to  flow 
from  the  nozzles.  At  the  same  time,  signals  are  sent  to  operate  alarms  and 
shut  down  process  equipment.  Approximately  500  pre-primed  ultra  high  speed 
deluge  systems  are  used  within  the  Army  Ammunition  Plant  Complex. 

3.  In  Oct  34,  the  U.S.  Army  Armament,  Munitions  and  Chemical  Command's  Safety 
Office  sponsored  a  seminar  on  Rapid  Action  Oeluge  Systems.  The  seminar  served 
as  a  medium  for  the  exchange  of  information  on  rapid  action  deluge  systems 
used  in  munition  production,  maintenance,  and  demil  operations.  The  purpose 
of  this  paper  is  to  present  the  highlights  of  that  seminar,  summarize  what  has 
occurred  since  then,  and  look  at  areas  requiring  additional  attention. 

4.  The  D00  Ammunition  and  Explosives  Safety  Standards  (DOD  6055-STD)  defines 
what  is  an  acceptable  level  of  exposure: 

-  2.3  psi  overpressure  or  less. 

-  Fragments  less  than  53-foot  pounds. 

-  0.3  calories  per  sq  cm/second  or  less. 

Other  publications  such  as  the  AMCR  385-100  (AMC  Safety  Manual),  NAVSEA  OP  5 
(Ammunition  and  Explosives  Ashore),  000  4145.26-M  (Contractor's  Safety 
Manual),  MIL-HDBK  1008  (Fire  Protection  for  Facilities  Engineering,  Design, 
and  Construction),  and  the  National  Fire  Codes  also  provide  guidance  on  ultra 
high  speed  deluge  systems. 
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5.  The  hazard  to  be  protected  must  be  accurately  defined.  The  following 
factors  should  be  considered. 

-  Quantity  of  exposed  material. 

-  Initiation  sensitivity. 

-  Heat  output. 

-  Rate  of  burning. 

-  Potential  Ignition  and  Initiation  sources. 

-  Personnel  exposure  (including  protective  clothing). 

-  Frequency  of  operations. 

-  Munitions  configuration. 

-  Process  equipment  and  layout. 

-  Building  design  and  construction. 

6.  A  hazard  analysis  should  be  prepared  defining  the  hazard  in  terms  of 
hazard  severity  and  hazard  probability.  The  factors  listed  above  should  be 
considered.  This  could  be  either  qualitative  or  quantitative.  MIL-STD  882 
(System  Safety  Program  Requirements)  and  other  publications  provide  guidance 
on  the  preparation  of  hazard  analysis.  A  potential  fire  and/or  thermal  hazard 
whose  level  of  risk  is  unacceptable  (as  determined  by  the  D00  Component) 
should  be  mitigated  by  an  ultra  high  speed  deluge  system.  Once  the  hazard  has 
been  accurately  defined,  the  system  can  be  properly  designed. 

7.  Response  time  criteria  should  be  realistic,  and  defined  in  a  manner  that 
will  permit  meaningful  testing  of  the  completed  installation  to  ensure  the 
performance  criteria  was  met.  It  must  be  recognized  that  the  bigger  the 
system,  the  longer  the  response  time.  Response  time  criteria  and  methods  of 
measuring  it  will  be  discussed  in  more  detail  later. 

8.  The  water  density  required  will  depend  upon  the  type,  quantity,  and 
configuration  of  energetic  material  involved,  process  layout,  and  whether  the 
goal  is  extinguishment,  prevention  of  propagation,  prevention  of  injury,  or  a 
combination  of  these.  0,5  GPM/  SQ  FT  is  a  commonly  used  density  for 
preventing  propagation  and  structural  damage.  The  protection  of  personnel  and 
process  equipment  as  well  as  the  extinguishment  of  pyrotechnic  t'i^es  requires 
significantly  higher  density  rates.  These  may  be  as  high  3.0  GPM/SQ  FT  for 
area  converage  or  50  GMP/nozzle  for  point  of  operation  coverage.  Tests  have 
shown  that  fires  involving  some  pyrotechnic  materials  being  mixed  require  a 
water  flow  of  200  CPM  or  more  to  extinguish.  Other  papers  will  discuss  the 
extinguishment  of  pyrotechnic  material  fires. 
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9.  An  estimate  of  the  mix  1  mum  flow  rate  and  pressure  required  by  the  deluge 
system  should  be  made  to  determine  water  supply  requirements.  The 
capabilities  of  the  existing  water  supply  and  distribution  system  to  meet 
these  requirements  should  evaluated.  A  static  pressure  of  45  to  50  PSI  at  the 
building  Is  needed,  1*  the  required  flow  rate  and  pressure  Is  not  adequate, 
arrangements  must  le  made  to  provide  It.  The  water  pressure  required  for 
proper  functioning  of  an  ultra  high  speed  deluge  system  must  be  available 
instantaneously,  usually  from  an  elevated  tank  or  pressure  tank.  The 
Instantaneous  flow  cannot  be  produced  by  starting  a  fire  pump  or  jockey  pump; 
however,  a  fire  pump  can  be  used  to  provide  the  required  flow  and  pressure 
after  the  system  has  started  to  operate.  Response  time  is  directly  related  to 
water  pressure.  For  most  applications,  the  water  supply  should  have  a 
duration  of  at  least  15  minutes.  Water  supply  requirements  for  other  deluge 
and  sprinkler  systems  must  also  be  considered.  Since  fires  Involving 
munitions  are  not  normally  fought,  no  allowance  Is  required  for  fire 
department  hose  lines.  However,  the  need  for  hose  lines  to  protect  nearby 
buildings  for  fires  Involving  Class  1.3  and  1.4  material  and  during  cleanup 
should  be  considered. 

10.  Two  types  of  detectors  are  commonly  used  in  ultra  high  speed  deluge 
systems  -  ultraviolet  and  infrared.  The  ultraviolet  (UV)  detector  senses 
electromagnetic  energy  In  the  UV  spectrum.  UV  detectors  are  best  suited  for 
area  and  point  of  operation  coverage.  The  infrared  (IR)  detector  senses 
electromagnetic  energy  In  the  IR  spectrum.  IR  detectors  are  best  suited  for 
use  in  closed  process  equipment,  vessels,  and  covered  conveyors,  and 
operations  shielded  from  natural  and  artificial  light  sources.  The  detectors 
should  be  constant  scanning  and  capable  of  responding  and  signaling  when  a 
flash  or  flame  is  detected.  IR  detectors  respond  more  quickly  than  UV 
detectors  and  can  usually  see  through  a  greater  degree  of  contamination 
(either  on  the  lens  or  in  the  atmosphere).  IR  detectors  can  be  used  in  open 
areas,  but  to  eliminate  false  activations,  the  signal  from  the  detector  must 
be  processed  (filtered).  This  Increases  response  time. 

11.  In  the  future,  we  can  expect  to  see  dual  IR-UV  detectors  and  dual  IR-IR 
detectors  which  will  look  at  two  separate  bands  of  IR  and/or  UV  radiation. 
There  will  also  be  cross-zoning  and  matrlxlng  of  detectors.  This  requires  a 
combination  of  detectors  to  see  a  fire  or  flame  before  the  controller 
activates  the  deluge  system. 

12.  To  establish  and  maintain  an  acceptable  level  of  deluge  system 
performance  and  minimize  problems  such  as  false  activations,  the  following 
Items  should  be  considered: 

a.  People,  communication,  and  training. 

(1)  The  technical  organization  responsible  for  deluge  systems  must  be 
identified  and  maintained  to  ensure  deluge  systems  are  adequately  designed, 
installed,  and  maintained.  Army  ammunition  plants  that  have  established  and 
maintained  such  a  group  have  reduced  their  problems  with  false  activations  and 
problems  with  deluge  systems. 

(2)  Continuity  with  outside  agencies  involved  with  deluge  system 
design,  installation,  and  maintenance  should  be  maintained. 
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(3)  Training  of  technicians  and  engineers  Is  vital.  They  must  be 
sent  to  vendor  schools  on  a  periodic  basis  to  keep  abreast  of  new  developments 
and  changing  technology. 

(4)  Transfer  of  information  between  "sing  Installations  and  vendors 
is  vital  so  they  can  learn  from  each  other's  experience. 

b.  Design  and  installation. 

(1)  The  pipe  diameter,  length,  number  of  bends,  and  friction 
coefficient  contribute  to  the  volume  of  water  that  can  be  transported  at  an 
effective  pressure  through  the  piping  system.  Pipe  runs  and  bends  should  be 
kept  to  a  minimum,  and  all  horizontal  runs  should  be  sloped  at  least  3/4  inch 
per  10  feet  of  run,  with  air  bleeders  at  all  high  points.  Removal  of  all 
trapped  air  is  very  important.  An  air  pocket  of  5  percent  of  the  total  system 
volume  can  increase  response  time  by  100  percent.  The  main  water  supply  line 
and  pilot  line  (for  solenoid  operated  valves)  should  have  strainers. 

(2)  Specifications  and  contract  documents  should  not  go  into  detailed 
designed  of  the  system,  but  should  clearly  define  the  performance  criteria  and 
how  they  will  be  measured.  These  should  include: 

(a)  Detection  system. 

-  Areas  to  be  viewed. 

-  Source  of  flash  or  flame  to  be  detected. 

-  System  logic  required. 

-  Supervisory  requirements. 

-  Testing  requirements. 

(b)  Extinguishing  system. 

-  Area  to  be  protected. 

-  Water  application  rate  or  density. 

-  Testing  requirements. 

(c)  Other  needed  information. 

f  -  Approximate  location  of  connection  to  water  supply 
system. 

-  Water  supply  line  layout  and  valv„  locations. 

-  Location  of  control  panel. 

-  Available  static  and  residual  water  pressure  (at  the 
minimum  required  flow  rate). 
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-  Need  for  emergency  power. 


-  Remote  signal  requirements  for  alarm  systems  and  process 
equipment  shutdown, 

-  Required  response  time. 

(3)  Failure  to  follow  vendor  guidelines  during  design,  installation, 
and  maintenance  causes  an  Increase  in  false  activations  and  related  problems. 

(4)  Limit  the  overall  size  of  the  system  (both  detectors  and  nozzles) 
to  smallest  practical  size  possible.  This  should  be  below  the  vendor 
recommendation  maximum.  This  tends  to  Increase  system  stability  and  minimizes 
false  activations  and  related  system  problems  as  It  degrades  through  normal 
aging  and  during  layaway. 

(5)  Design  changes  shou'd  be  mace  vary  cautiously  and  field  tested  on 
a  prototype  system.  Because  there  are  so  many  variables,  this  permits  the 
evaluation  of  ore  or  two  variables  at  a  time. 

(6)  A  complete  set  of  detailed  shop  drawings,  hydraulic  calculations, 
operating  instructions,  and  similar  material  should  te  provided  by  the  contractor. 

(7)  A  component  Government  inspector  should  verify  the  deluge  system 
is  being  installed  IAW  contract  requirements. 

(8)  Controllers  shouic*  be  located  in  separate  enclosures  to  reduce 
false  activations  due  to  RF  energy  generated  by  other  electrical  devices. 

(9)  The  controller  must  be  programmed  for  the  number  of  detectors  to 
Ue  used.  Failure  to  do  so  can  affect  the  internal  test  features  and 
reliability  of  the  centre  Her. 

(10)  Process  equipment  should  be  interlocked  through  controller  fault 
circuitry. 

(11)  Conduit  carrying  detector  cable  and  detector  tubes  should  be 
sealed.  Failure  to  do  so  will  permit  moisture  In  the  detectors  and  conduit 
causing  false  activations  and  system  problems. 

(12)  Automatic  inspection  features  built  into  detectors  and 
controllers  are  cost  effective  because  they  help  identify  problems  and  faults 
in  ?.  more  timely  manner  and  mandate  a  better  preventive  maintenance  policy. 

(13)  UV  detectors  for  ultra  high  speed  deluge  systems  should  be 
located  tc  provided  two  levels  of  protection.  One  or  more  detectors  should  be 
placed  as  close  as  physically  possible  to  the  most  likely  source(s)  of 
ignition.  They  should  be  located  so  the  detector's  field  of  view  is  not 
blocked  by  shield,  equipment,  or  personnel.  One  or  more  additional  detectors 
should  be  located  to  provide  general  area  coverage  of  the  cubicle  or  bay,  on 
the  assumption  that  an  ignition  could  occur  at  other  points  within  the  area. 

UV  and  IR  detectors  are  optical  devices,  and  as  such  respond  to  the  atttenua- 
tion  laws  of  optics,  doubling  the  distance  between  the  detector,  and  the  flame 
will  reduce  the  radiation  perceived  to  one  fourth;  conversely,  reducing  the 
distance  by  one  half  results  in  four  times  mere  radiation  to  the  detector. 
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(14)  UV  detectors  are  sensitive  to  weld  arcs,  lightning,  x-rays 
(gamma  radiation),  cosmic  and  background  radiation,  and  high  electrostatic 
charges.  They  should  be  located  away  from  the  horizontal  plane,  nor  should 
they  be  aimed  toward  doors  or  windows. 

(15)  UV  radiation  will  not  transmit  through  smoke,  water  vapor, 
acetone,  regular  glass,  plexiglass,  or  oil. 

(16)  Detector  cabling  should  be  the  shielded  type  and  placed  in 
conduit  separated  from  all  other  wiring.  Ensure  that  detector  cabling  and 
cable  shielding  are  installed  and  grounded  according  to  vendor 
specifications.  Proper  cable  installation  and  grounding  minimize  system 
problems  and  false  activations. 

(17)  Deluge  valves  should  be  located  as  close  as  possible  to  critical 
nozzles  to  reduce  response  time. 

(18)  Critical  nozzles  should  be  located  as  close  as  possible  to  the 
hazard.  The  water  travel  time  from  the  nozzle  to  the  target  is  the  longest 
component  of  response  time. 

c.  Maintenance  and  testing  procedures. 

(1)  A  good  preventive  maintenance  program  is  required.  Experience 
has  shown  that  increasing  the  time  period  beyond  4  to  6  weeks  results  in  a 
significant  increase  of  false  activation  ar.d  other  system  problems.  A  tri¬ 
service  manual  entitled  Maintenance  of  Fire  Protection  Systems  (TK  5- 
695/NAVFAC  M0-117/Air  Force  AFM  91-37)  provides  guidance  on  the  inspection  and 
testing  of  fire  protection  systems.  The  following  items  should  be  considered 
when  establishing  maintenance  procedures: 

(2)  System  checks. 

>  • 

-  Measure  all  voltages. 

-  Pull  all  controllers  and  check  for  loose  wires  and  or 
relays. 

-  Clean  all  dirt  and  debris  from  console. 

-  Relamp  console. 

-  Spotcheck  conduit  fittings  for  moisture  and  or  loose 
wire  nuts. 

-  Spotcheck  squib  operated  valves  for  dampness  or  moisture 
(wet  primers). 

-  Check  OS&v  Limit  Switch. 
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(3)  Oetectors. 

-  Remove  each  lens  and  clean. 

-  Remove  each  barrel  and  check  grounding  springs,  when  used. 

-  Tighten  each  terminal  screw  in  sensors. 

-  Clean  and  inspect  all  optical  integrity  rings. 

-  Check  for  moisture  and  or  corrosion  inside  sensor  housings. 

-  Check  each  sensor  for  proper  alignment. 

-  Check  housing  for  continuity. 

-  Re lamp  all  controllers. 

-  Reactivate  system  and  check  for  problems. 

(4)  Flow  tests  should  be  conducted. 

-  Annually  for  active  systems. 

-  After  major  maintenance  or  modification. 

-  After  reactivating  an  inactive  system. 

13.  There  is  no  common  agreement  on  the  definition  of  deluge  system  response 
time.  This  has  caused  confusion  and  prevented  the  development  of  a 
performance  type  specification.  This  precludes  the  effective  evaluation  of 
deluge  systems.  The  AMC  Safety  Manual  (AMCR  385-100)  defines  response  time  as 
the  time  from  the  sensing  of  a  detectable  event  to  the  beginning  of  the  flow 
of  water  from  the  deluge  nozzles.  This  definition  is  a  marked  improvement 
over  the  definition  that  appeared  in  earlier  editions  of  the  safety  manual. 

It  was  previously  defined  as  the  time  from  ignition  to  a  fully  developed  flow 
pattern  of  water  being  appl fed  to  the  hazard. 

14.  In  order  to  more  precisely  define  response  time  requirements,  it  is 
necessary  to  understand  the  interrelation  between  development  of  an  incident 
and  deluge  system  functions.  The  following  outlines  a  way  of  breaking  down 
the  fire  dynamics  and  deluge  system  functions  into  understandable  segments: 

a.  Ignition  Time  -  TO:  Ignition  time  is  defined  as  the  start  of 
ignition.  Ignition  of  an  item  is  defined  as  self-sustained  deflagration. 

b.  Ignition  To  Sensing  Threshold  Time  -  Tl:  Ignition  to  sensing 
threshold  time  is  defined  as  the  time  from  ignition  until  the  buildup  of 
energy  reaches  the  sensing  threshold  of  the  sensor.  This  is  dependent  upon 
the  configuration  of  the  item  being  protected.  For  example,  the  ignition  of 
propellant  from  the  bottom  of  a  hopper  may  require  more  than  a  second  to  reach 
the  surface  of  the  propellant  where  it  can  be  sensed  by  a  detector.  If 
ignition  occurred  on  the  surface,  the  ignition  to  sensing  threshold  period 
would  be  much  less  -  in  the  millisecond  range. 
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c.  Ignition  To  Sensor  Response  Time  -  T2:  Ignition  to  sensor  response 
time  is  defined  as  the  time  from  ignition  to  transmission  of  the  signal  to  the 
controller. 

d.  Ignition  To  Controller  Response  Time  -  T3:  Ignition  to  controller 
response  time  is  defined  as  the  time  from  ignition  to  transmission  of  signal 
to  deluge  valve  squib  or  solenoid. 

e.  Ignition  To  Valve  Opening  Time  -  T4:  Ignition  to  valve  opening  time 
is  defined  as  the  time  from  ignition  to  the  opening  of  the  deluge  valve 
permitting  water  to  flow. 

f.  Ignition  To  First  Water  at  the  Nozzle  Time  -  T5:  Ignition  to  first 
water  at  the  nozzle  is  defined  as  the  time  from  ignition  to  the  first  flow  of 
water  from  the  critical  nozzle(s).  This  is  usually  the  nozzle(s)  closest  to 
the  hazard  or  as  determined  by  a  hazard  analysis. 

g.  Ignition  To  First  Water  on  Target  Time  -  T6:  Ignition  to  first  water 
on  the  target  is  defined  as  the  time  from  ignition  to  the  first  drops  of  water 
to  strike  the  target  from  the  critical  nozzle(s).  There  is  usually  an  initial 
stream  of  water,  followed  by  a  break  in  the  flow,  followed  by  a  full  flow 
pattern. 


h.  Ignition  To  Full  Flow  Water  On  Target  Time  -  T7:  Ignition  to  full 
flow  water  on  target  is  defined  as  the  time  from  ignition  to  a  fully  developed 
spray  of  water  strikes  the  target  area. 

i.  Extinguishment  Time  -  T8:  Ignition  to  extinguishment  is  defined  as 
the  time  from  ignition  to  termination  of  the  deflagration. 

15.  Deluge  system  response  time  should  be  redefined  as  Total  Response  Time. 
This  is  the  total  time  lapse  from  sensor  response  to  full  flow  of  water  on  the 
target  area  (T2-T7).  Total  Response  Time  should  then  be  divided  into  two 
segments  -  Electrical /Mechanical  Response  Time  (T2-T5)  and  Water  Travel  Time 
(T5-T7).  The  total  response  time  must  be  considered  when  designing  deluge 
systems.  However,  for  specifying  performance  in  contract  documents,  only 
Electrical/Mechanical  Response  Time  should  be  used.  This  will  also  provide  a 
baseline  for  checking  system  response  time  during  the  annual  flow  tests  and 
after  a  system  has  been  inactive  for  an  extended  period  of  time,  or  a  system 
has  been  modified. 

16.  Two  methods  frequently  used  to  check  response  time  of  ulttja  high  speed 
deluge  systems  are  a  digital  timer  and  a  high  speed  video  recording  system. 

The  digital  timing  system  consists  of  a  circuit  connected  to  the  digital 
timer,  a  flow  switch,  valve  solenoid  or  squib,  detector,  and  controller.  The 
high  speed  »ideo  system  consists  of  a  high  speed  camera  and  recorder.  The 
camera  can  record  a  frame  every  8  milliseconds.  The  digital  timer  can  only 
measure  Electrical/Mechanical  Response  Time,  is  well  suited  for  use  by 
maintenance  technicians  at  ammunition  plants,  and  is  much  less  expensive  than 
the  high  speed  video  system.  The  high  speed  video  recording  system  is  very 
expensive  to  purchase  ($35-80,000)  and  requires  a  skilled  technician  to  use. 

It  is  the  ideal  tool  for  determining  total  system  performance,  compliance  with 
performance  criteria  specified  in  contract  documents,  evaluating  new  or 
modified  systems,  and  determining  Total  Response  Times. 
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17.  Presently,  deluge  systems  are  assembled  rather  than  designed.  There  is 
some  engineering  skill,  some  black  art,  and  lots  of  luck  involved.  Once  it 
has  been  decided  to  install  a  deluge  system,  design  is  accomplished  by 
selecting  the  components  based  on  personnel  experience  and  position  them  as 
best  as  possible  to  deal  with  a  hazard  that  is  not  completely  defined.  Many 
of  these  problems  could  be  solved  by  developing  a  computer  model  for  ultra 
high  speed  deluge  systems.  The  variables  listed  in  paragraph  5  and  those 
listed  below  should  be  considered: 

-  Water  flow  rate. 

-  Time  to  detection. 

-  Extinguishment  time. 

-  Water  pressure. 

-  Pipe  size. 

-  Pipe  configuration. 

-  Number  of  nozzles. 

-  Nozzle  design. 

-  Deluge  valve  location. 

-  Pressure  rise  of  the  energetic  material. 

-  Change  in  temperature. 

-  Process  equipment  layout  and  shape. 

-  Packing  density  cf  the  energetic  material. 

-  Volume  of  energetic  material. 

-  Heat  of  combustion. 

-  Grain  shape  and  size. 

-  Water  travel  distance  from  the  nozzle  to  the  hazard. 

18.  The  need  for  a  "portable"  deluge  system  has  been  identified  by  several 
Army  commands  and  is  being  evaluated  by  the  U.S.  Army  Armament,  Munition  and 
Chemical  Command's  Safety  Office.  Two  configurations  appear  to  be  needed. 

One  that  is  completely  self-contained  with  its  own  UV  detectors,  nozzles,  and 
water  supply.  The  other  would  have  the  detectors  and  nozzles  but  would  require 
water  from  the  building  water  system.  These  systems  could  be  used  where  the 
installation  of  a  permanent  deluge  system  is  not  feasible  or  cost  effective. 
The  protection  provided  by  a  "portable"  deluge  is  very  limited  and  is  not  a 
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substitute  for  permanently  installed  systems.  Inspection,  maintenance,  and 
renovation  operations  taking  place  in  depots  and  field  locations  would  be 
prime  candidates  for  portable  deluge  systems.  A  presentation  by  Automatic 
Sprinkler,  Inc.,  will  deal  with  portable  deluge  systems  In  more  detail. 

19.  The  following  areas  require  additional  work  and  effort: 

-  Computer  modeling. 

-  Development  of  a  "portable"  deluge  system. 

-  Technical  guidelines  and  performance  specifications. 

-  Performance  evaluation  procedures. 

-  Determining  causes  of  false  activations. 

-  Information  exchange  between  vendors  and  users. 

-  Evaluation  of  new  deluge  system  technology. 

20.  These  actions  can  best  be  accomplished  by: 

-  Updating  technical  manuals  and  regu'lations. 

-  Formation  of  an  informal  working  group. 

-  Holding  seminars  and  workshops  on  a  regular  basis. 

-  Having  a  central  organization  be  responsible  to  monitor  developments,  < 

oversee  research  programs,  develop  a  data  base,  and  pass  information  j 

to  users  and  vendors.  j 

21.  Other  papers  presented  during  this  seminar  will  deal  with  various  aspects 
of  deluge  systems  in  more  detail. 

i 

22.  The  technical  reports  in  Appendix  A  and  the  references  in  Appendix  B  were  j 

utilized  in  the  preparation  of  this  paper.  Additional  technical  material  was  j 
provided  by  the  following  persons:  j 

a.  Mr.  Louis  Joblove  and  Mr.  Manuel  Avelar,  Amman  and  Whitney  Consulting 
Engineers.  j 

i 

j 

o.  Mr.  James  Brazell,  Mr.  Stanley  Straker,  and  Mr.  Mervin  Opel,  ICI  j 

Americas,  Inc.,  Indiana  AAP.  ( 

c.  Mr.  Gene  Burns,  Cay  and  Zimmerman,  Inc.,  Lone  Star  AAP. 

23.  POC  -  Robert  A.  Loyd: 

a.  HQ,  AMCCOM,  ATTN:  AMSMC-SFP,  Rock  Island,  IL,  61299-6000. 

b.  AV  793-2975,  FTS  367-2975,  COM  (309)  793-2975. 


541 


DELUGE  SYSTEM  RESPONSE  TIME 
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T8  =  EXTINGUISHMENT  TIME 


APPENDIX  A 


TECHNICAL  REPORTS  ON  DELUGE  SYSTEMS 


1.  Design  of  a  Deluge  System  to  Extinguish  Lead  Azide  Fires,  No.  AD-E400  204, 
Aug  78.  approved  for  public  release  (APR). 

2.  Evaluation  of  Pyrotechnic  Fire  Suppression  System  for  Six  Pyrotechnic 
Compositions,  No.  AD-E401  306,  Mar  85,  APR. 

3.  Engineering  Guide  for  Fire  Protection  and  Detection  Systems  at  Army 
Ammunition  Plants,  Vol  I  (Selection  and  design),  No.  AD-E400  531,  Dec  80,  APR. 

4.  Engineering  Guide  for  Fire  Protection  and  Detection  Systems  at  Army 
Ammunition  Plants,  Vol  II  (Testing  &  inspection).  No.  AD-E400  874,  Dec  82, 
Distribution  limited  to  U.S.  Govt  Agencies  only  -  contains  proprietary 
information. 

5.  On-sHe  Survey  and  Analysis  of  Pyrotechnic  Mixer  Bays,  No.  AD-E401  141, 

Feb  84,  APR. 

C.  Feasibility  Study  to  Develop  a  Water  Deluge  System  for  Conveyor  Lines 
Transporting  High  Explosives,  Tech  Rpt  No.  4889,  Aug  75,  APR. 

7.  Development  of  a  Water  Deluge  System  to  Extinguish  M-l  Propellant  Fires, 

No.  E00  217,  Sep  78,  APR. 

8.  Design  of  a  Water  Deluge  System  to  Extinguish  M-l  Propellant  Fires  in 
Closed  Conveyors,  No.  AD-E400  216,  Sept  78,  APR. 

9.  Fire  Suppression  System  Safety  Evaluation,  No.  AD-E401  083,  Dec  83,  APR. 

10.  Dynamic  Model  of  Water  Deluge  System  for  Propellant  Fires,  No.  AD-E400 
315,  May  79,  APR. 

11.  Deluge  Systems  in  Army  Ammunition  Plants,  prepared  by  Science  Applications- 
Inc.,  for  the  U.S.  Army  Munitions  Production  Base  Modernization  Agency, 

30  Oun  81. 

12.  Minutes  of  the  Rapid  Action  Fire  Protection  System  Seminar,  U.S.  Army 
Armament,  Munitions  and  Chemical  Command,  23-24  Oct  84. 

Most  of  these  reports  can  be  ordered  from  the  Defense  Technical  Information 
Center,  Cameron  Station,  Alexandria,  VA,  22314.  Their  telephone  number  is 
AV  284-7633. 
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1.  AMC  Safety  Manual,  AMCR  385-100,  1  Aug  85. 

2.  000  Ammunition  and  Explosives  Safety  Standards,  DOD  6055.9-STD,  Jul  84. 

3.  Maintenance  of  Fire  Protection  Systems,  TM  5-695  (Army) /FAC  MO-117 
(Navy)/AFM  91-37  (Air  Force),  Oct  81  with  Change  No.  1. 

4.  Military  Handbook  -  Fire  Protection  for  Facilities  Engineering,  Design, 
and  Construction,  MIL-HD6K-1008,  30  Apr  85. 
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A  New  Explosion  Test  Facility  at  NSWC— The  50-Pound  Bombproof 

by 


Michael  M.  Swisdak,  Jr. 

Phillip  J.  Peckham 
Patrick  F.  Spahn 
Richard  Bendt 

Naval  Surface  Weapons  Center 
White  Oak,  Silver  Spring,  Maryland  2U903-S000 


ABSTRACT 

new  test  facility  was  recently  dedicated  at  the  Naval  Surface  Weapons 
Center,  White  Oak  Laboratory,  Silver  Spring,  Maryland— a  bombproof  with  a  50- 
pound  TNT  equivalent  explosive  limit.  Details  of  the  facility  concept, 
design,  and  construction  will  be  presented.  Before  the  facility  was  put  into 
use,  a  series  of  validation  tests  were  performed.  These  tests  included  test 
firings  over  the  explosive  weight  range  of  1  to  50  pounds  of  TNT.  The 
following  measurements  were  undertaken:  fl)  wall  strains,  ^2)  wall 
displacements,  £3)  floor  vibrations,  /4)  explosion-produced  noise  both  inside 
and  external  to  the  facility,  and  £5)  gas  leakage  both  into  the  work  areas 
surrounding  the  facility  and  into  the  atmosphere  outside  the  facility.  The 
results  of  these  measurements  will  be  presented  and  summarized.  Finally,  a 
description  of  the  capabilities  and  specialized  equipment  dedicated  to  this 
facility  will  be  discussed 


BACKGROUND 

The  Naval  Surface  Weapons  Center  (NSWC)  operates  several  explosion 
containment  test  facilities  at  its  White  Oak,  Maryland  site.  These  facilities 
range  in  capacity  from  a  few  ounces  of  energetic  material  (propellant, 
pyrotechnics,  or  explosive)  to  five  pounds  of  energetic  material.  All  of 
these  facilities  are  over  30  years  old.  In  the  30-years  since  their 
construction,  the  nature  of  the  surrounding  community  has  changed 
significantly — from  a  lightly  populated  rural  area  to  a  moderately — densely 
populated  urban  area.  No  explosion  facility  at  White  Oak  is  more  than  about 
2000  feet  from  civilian  residences. 

Since  the  early  1950's,  when  the  other  facilities  were  constructed,  the 
nature  of  the  experimental  programs  being  conducted  have  developed  to  the 
point  where  energetic  material  limits  greater  than  five  pounds  are  required. 
One  of  these  drivers  has  been  the  development  and  usage  of  ammonium 
perchlorate,  metallized -type  explosives,  as  well  as  other  highly  insensitive 
energetic  materials,  which  require  the  firing  of  larger  charge  sizes  in  ever 
increasing  numbers.  The  tests  are  required  to  develop  the  basic  data  and 
knowledge  concerning  these  materials,  so  that  sound  judgements  can  be  made  as 
to  their  suitability  for  specific  weapons  applications.  This  testing  requires 
the  full-time,  year  round  usage  of  any  new  facility. 


545 


After  a  series  of  trade-off  studies.  It  was  decided  that  the  new  facility 
should  be  capable  of  containing  the  consequences  of  a  detonation  of  a  50-pound 
(TNT  equivalent)  fragmenting  charge,  at  the  rate  of  at  least  one  per  week,  or 
any  number  of  smaller  detonations.  Moreover,  because  of  the  nearby  urban 
residential  area,  the  facility  should  minimize  noise  and  ground  shock 
transmissions  to  the  surrounding  areas  and  also  meet  all  local,  state,  and 
federal  pollution  requirements. 

With  these  and  other  requirements,  the  firm  of  Ammann  and  Whitney  studied 
and  developed  the  concept  for  the  facility.  Their  proposal  was  completed  In 
August  I960.1  Drawings  and  specifications  were  released  In  1982, ‘  and  the 
facility  was  accepted  on  28  September  1984.  Validation  testing  began  shortly 
thereafter  In  December  1984,  and  the  official  dedication  took  place  in  July 
1985. 


FACILITY  DESCRIPTION 

The  facility,  as  constructed,  consists  of  an  Instrumentation  and  control 
building  with  four  auxiliary  structures.  The  Important  building  Is  the 
Instrumentation  and  control  building,  and  this  Is  what  will  be  described  In  a 
subsequent  section. 

Figure  1  Is  a  plan  view  of  the  Instrumentation  and  control  building.  The 
building  contains  a  g»<n  room  for  two  guns— a  high  pressure  helium  gun  and  a 
powder  gun,  a  mechanical  room  containing  all  the  HVAC  (heating,  ventilation, 
and  air  conditioning  equipment),  a  control  room,  an  Instrumentation  area,  and 
a  blast  containment  chamber.  Figure  2  presents  two  additional  views  of  the 
building—  a  side  view  looking  north,  and  a  side  view  looking  oas'c. 

The  heart  of  the  structure  is  the  blast  containment  chamber.  The  chamber 
is  octagonal  In  section  and  has  plan  dimensions  of  approximately  20  x  20  feet, 
and  Is  16  feet  high.  The  volume  of  the  chamber  Is  approximately  6200  cubic 
feet. 


The  chamber  is  constructed  of  reinforced  concrete  having  a  minimum 
compressive  strength  of  4000  psi  at  28  days.  The  reinforcing  material 
consists  of  deformed  billet  steel  bars  conforming  to  ASTM  A615  grade  60  except 
grade  75  is  used  for  size  11  bars.  The  minimum  concrete  thickness  Is  five 
feet.  The  blast  chamber  interior  is  lined  with  removable  one  inch  thick  steel 
fragmentation  shields.  The  blast  chamber  Is  completely  isolated  from  the 
surrounding  building.  In  addition,  efforts  were  taken  to  decouple  the  chamber 
from  the  soil  beneath  It.  The  chamber  rests  on  a  layer  of  polystyrene.  Below 
the  polystyrene  Is  a  layer  of  lean  concrete,  which,  in  turn.  Is  supported  by  a 
four-foot  layer  of  crushed  rock.  Below  the  crushed  rock  is  natural  soil. 

The  outside  of  the  blast  containment  chamber  is  covered  with  corrugated 
metal  siding  attached  to  the  chamber  by  steel  channels  and  holts  which  are 
embedded  In  the  concrete  and  anchored  around  the  reinforcement.  This  metal 
siding  acts  as  a  spall  shield  to  protect  personnel  from  flying  fragments 
produced  by  the  disengagement  of  portions  of  the  concrete  cover  on  the 
exterior  of  the  five  foot  thick  containment  walls,  should  it  ever  occur.  (No 
evidence  of  this  has  occurred  to  date.) 
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Blast  pressure  relief  within  the  chamber  Is  provided  by  an  exhaust  stack 
above  the  chamber  roof,  A  muffler  is  attached  to  this  stack  to  achieve  noise 
attenuation. 

Access  to  the  chamber  Is  via  a  single,  hyJraullcally-operated  door.  The 
door  Is  not  solid— rather,  it  has  an  inner  face  (towards  the  inside  of  the 
chamber)  of  three  inch  thick  high  strength  pressure  vessel  steel  alloy.  The 
outer  surface  is  a  thinner  version  of  the  same  alloy.  The  total  weight  of  the 
door  is  approximately  9600  pounds.  The  door  hinges  are  only  intended  to 
support  the  door  weight-net  the  blast  loading.  The  blast  loads  are 
transferred  from  the  door  into  the  door  frame.  The  frame  is  constructed  of 
structural  steel  and  cast  into  concrete.  Steel  stiffener  plates  and 
reinforcing  bars  welded  to  the  frame  provide  positive  anchorage.  The  door  is 
sealed  by  a  continuous  elastomeric  gasket  adhered  into  a  groove  with  a  machine 
finish. 


FACILITY  VALIDATION 

After  the  facility  was  accepted,  but  before  it  was  placed  into 
operational  use,  it  was  determined  that  a  series  of  validation  tests  should 
and  would  be  performed.  These  tests  were  designed  with  several  functions  in 
mi  nd: 


(1)  To  determine  if  the  building  could,  indeed,  safely  contain  the 
effects  of  the  detonation  of  up  to  50  pounds  of  TNT. 

(2)  To  determine  if  the  detonation  of  materials  within  the  blast  chamber 
produced  any  adverse  effects  either  on  personnel  or  equipment  contained  within 
the  facility. 

(3)  To  determine,  as  far  as  possible,  if  the  detonation  of  materials 
within  the  blast  chamber  produced  any  adverse  effects  on  the  environment 
surrounding  the  building. 

With  these  goals  in  mind,  a  series  of  TNT  charges  with  weights  ranging 
from  one  to  50  pounds  were  detonated  and  their  effects  in,  on,  and  around  the 
facility  were  measured.  The  TNT  charges  were  rignt  circular  cylinders,  placed 
cn  a  wooden  table,  four  feet  above  the  floor  in  the  center  of  the  chamber. 

The  measurements  undertaken  included  strain  in  the  exterior  walls  of  the 
chamber,  wall  displacement,  floor  motion,  carbon  monoxide  levels  in  the 
instrumentation  area,  and  sound  pressure  levels,  both  inside  the  building  and 
at  several  locations  external  to  the  building.  These  results  are  reported  in 
detail  in  NSWC  TR  85-385. 3  and  will  be  summarized  below. 

Wall  Strain 


Strain  measurements  were  made  at  three  locations  on  the  exterior  walls  of 
the  blast  containment  chamber.  Each  position  used  two  gauges,  measuring 
vertical  and  horizontal  strain.  Each  gauge  was  mounted  directly  on  the 
concrete  wall.  Figures  3,  4,  and  5  summarize  the  measured  strain  data.  The 
ma-ximum  strain  recorded  was  approximately  350  micro-strain  on  the  30-pound 
shot.  On  the  50-pound,  it  dhopped  back  to  about  200  micro-strain. 
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Wall  Transient  Displacements 


Transient  wall  displacements  were  measured  on  all  four  blast  containment 
chamber  walls.  The  transducers  were  capable  of  measuring  ±0.250  Inch  of 
displacement,  with  a  resolution  of  0.001  Inch.  Figure  6  summarizes  the 
results  obtained  for  all  four  walls.  The  maximum  transient  displacement  was 
approximately  0.06  Inches.  All  four  walls  exhibited  an  Interesting 
phenomena.  The  displacements  produced  by  the  30-pounU  charge  were 
considerably  less  than  those  produced  by  either  the  20-  or  50-pound  charges. 

Floor  Vibrations 

Floor  motion  was  monitored  In  one  location  In  the  Instrumentation  room- 
10  feet  from  the  north  wall  of  the  blast  chamber.  A  three  component  velocity 
gauge  was  utilized.  Measurements  were  made  In  the  vertical,  transverse  (east- 
west),  and  radial  (north-south)  directions.  Figure  7  presents  the  peak-to- 
peak  velocities  recorded  for  each  charge  sire.  Figure  8  presents  the 
predominant  frequencies  associated  with  the  motions  presented  in  Figure  8. 

Noi se  Measurements 


Sound  pressure  level  measurements  were  made  at  several  locations  both 
Inside  the  facility  and  on  the  grounds  outside.  Within  the  Instrumentation 
and  control  rooms,  both  time-resolved  pressure  instrumentation  and  peak 
holding  meters  were  utilized.  Peak  holding  meters  were  used  outside  the 
facility.  All  peak  holding  devices  were  set  to  record  peak  flat  sound 
pressure  levels.  Figure  9  shows  the  measurement  locations  Inside  the 
chamber.  Figure  10  presents  the  results  recorded  at  each  location.  Figure  11 
presents  similar  results  recorded  outside  the  facility.  Figure  12  presents 
pressure-distance  information  for  the  50-pound  charge  size.  The  predominant 
frequency  for  the  noise  recorded  in  the  instrumentation  area  was  100-170  Hz. 

Ca rbon  Monoxide  Levels 


Carbor,  Monoxide  (CO)  gas  concentration  levels  were  monitored  both  in  t>e 
control  room  and  in  the  instrumentation  area.  Within  the  control  room,  carbon 
monoxide  levels  above  background  were  recorded  only  on  the  20-pound  shot. 

Even  here,  the  CO  level  only  went  up  to  10  parts  per  million  (ppm).  Excessive 
(greater  than  the  allowed  level  of  50  ppm)  levels  of  CO  were  recorded  in  the 
instrumentation  area  on  both  the  30-  and  50-pound  shots.  The  CO  levels 
recorded  in  the  instrumentation  area  are  shown  in  Figure  13.  Once  the  chamber 
and  instrumentation  areas  were  properly  vented,  the  recorded  levels  went  down 
to  zero. 


VALIDATION  TEST  SUMMARY 

These  validation  tests  showed  that,  indeed,  the  new  facility  could  safely 
contain  the  effects  of  a  50-pound  TNT  detonation.  Based  on  the  measurements, 
it  is  felt  that  equipment  within  the  instrumentation  area  or  personnel  within 
the  control  room,  should  suffer  no  adverse  effects  from  a  50-pound  detonation. 
The  amount  of  pollutants  (noise  and  gaseous)  released  into  the  surrounding 
environment  are  in  total  compliance  with  all  existing  environmental 
regulations. 
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Data  Collect 1 on : 


FACILITY  CAPAB ILI1 Y/I NSTRUMENTAT I ON 


The  Building  327  complex  Is  equipped  with  various  data  collection  systems 
including: 

1.  Lecroy  Digital  Oscilloscopes 

2.  Nlcolet  Digital  Oscilloscopes 

3.  Tektronix  Logic  Analyzers 

4.  HP7912,  and  HP7612  Digitizers 

All  of  these  systems  are  connected/cont rolled  by  an  HP9020  computer 
system.  The  computer  system  consists  of  eight  stations  with  a  printer,  plotter 
and  terminal  emulatlon/communlcation  capabilities.  This  computer  -*s  used  as  a 
controller,  word  processor,  database  filing  system  and  terminal  emulator.  It 
is  also  used  to  perform  data  analysis  and  hydrocode  work. 

The  following  equipment  either  has  been  or  is  currently  being  installed 
in  the  Builaing  327  complex. 

j-aser  Interferometer  -  Visar  -  The  Visar  Interferometer  uses  doppler 
shifting  of  coherent  laser  light  off  of  a  reflective  surface  in  order  to 
establish  the  acceleration  and  velocity  profiles  of  the  reflective  surface. 

•he  reflective  surface  may  be  a  gas  gun  projectile,  an  aluminized  free  surface 
of  an  explosive,  or  a  kcpton  flyer  on  an  Insensitive  high  explosive  "sl*DDer“ 
detonator.  r 


u 
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u.  Laser  Interferometer  -Fabry  Perot  -  An  inexpensive  version  of  the 
Visar,  the  l-abry  Perot  will  be  used  with  a  fiber  optic  bundle  to  record 
aser  light  shifts  on  an  image  converter  streak  camera. 


Microwave  Interferometer  -  The  microwave  interferometer  works  similar  to 
a  laser  interferometer,  the  only  difference  is  the  wave  length  of  the  probe 
radiation.  Explosives  and  propellants  are  largely  invisible  to  microwaves- 
however,  microwaves  are  easily  reflected  and  doppler  shifted  by  a  detonation 
front.  Thus,  burn  rates  and  detonation  velocities  can  be  directly  determined. 

,  La„ser  Raman  Spectroscopy  -  This  technique  will  be  used  to  determine  what 
types  of  free  radicals  and  ions  are  formed  within  the  detonation  zone. 

Laser  Schlieren  Photography  -  Laser  schleiren  methods  will  be  used  to 
photograph  shaped  charge  jet  stretchinq  and  erosion  within  a  water  cavity 
The  coherent,  single  band  light  which  is  cavity-dumped  will,  theoretically, 
allow  closer  study  of  jet/water  interactions. 


Imacon  790  -  This  image  converter  camera  uses  photo-multiplier  tubes  to 
photograph  low  light  level  events  at  20  million  frames/sec  (16  frames  mav  be 
recorded ,  in  the  framing  mode  and  I  mm/  sec  in  the  streak  mode.  It  can  also 
be  used  m  conjunction  with  fiber  optic  probes  and  laser  interferometry 
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Three  other  types  of  optical  cameras  will  also  be  available:  CorUIn  375. 
Cordm  121  .  and  Cordln  132.  The  Cordln  375  can  record  a  total  of  500  frames 
at  rates  up  to  20(5, 006  frames/sec.  the  Cordln  121  can  take  up  to  25  frames  at 
rates  up  to  2.5  million  frames/sec.  The  Cordln  132  Is  a  70-mm  format  streak 
camera. 

Flash  X-rays  *  The  explosive  facility  Is  equipped  with  several  300  KV  and 
one  275  MeV  flash  x-ray  tubes  for  radiography.  These  are  used  to  study 
fragmentation  patterns,  shaped  charge  jets,  and  other  events  v*1th  contrasting 
density  gradients. 


SUMMARY 

lhe  new  50-pound  explosion  test  facility  at  NSWC  has  become  a  unique 
asset  both  to  the  Navy  and  the  free  world.  Its  ever-increasing  capabilities 
will  place  it  at  the  forefront  of  detonation  research. 
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FIGURE  1.  BUILDING  327,  PLAN  VIEW 


BUILDING  327,  SIDE  VIEW,  NORTH 


BUILDING  327,  SIDE  VIEW,  EAST 
FIGURE  2.  BUILDING  327-  -  SIDE  VIEW,  NORTH  &  EAST 
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WEIGHT 


TRANSVERSE 


FIGURE  7.  FLOOR  VELOCITY  VERSUS  CHARGE  WEIGHT 


K  AREA  AROUND  BLAST  CHAMBER 
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CO  LEVELS  (PPM* 
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HGURE  13.  CO  LEVELS  RECORDED  IN  WORK  ROOM 
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22nd  Explosives  Safety  Seminar 
26-28  August  1986i  Anaheim.  California  (USA) 


by  A . Haraanny »  W.Karthaus  and  Q.Opsohoor 
Prini  Haurits  Laboratory  TNO 
P.0.  Box  45.  2280  AA  Rijswijk 
The  Netherlands 

1.  Introduction 

For  the  furtherance  of  the  researoh  at  the  Prins  Maurits  Laboratory 
on  both  internal  and  terminal  ballistics  a  fully  closed  test 
facility  has  been  designed.  This  facility  will  afford  an 
opportunity  for  the  dynamic  testing  of  shells  and  for  firing 
projeotiles  on  explosive  targets,  while  also  static  detonation 
trials  are  possible.  Performing  tests  like  these  in  the  open  air 
causes  a  lot  of  trouble,  especially  in  a  crowded  country  like 
the  Netherlands,  with  respect  to  safety  distances  and  noise 
pollution.  Fundamental  research  cn  ballistics  requires  accurate 
measuring  which  is  hardly  possible  in  the  open  air. 

The  faoility  will,  basically,  consist  of  a  gunroom  and  a  target 
room,  interconnected  by  a  tunnel.  Measuring  rooms  have  been 
projected  alsongside  the  gun  and  target  room  and  also  on  top  of  the 
target  room.  From  these  roans  it  will  be  possible  to  observe  and 
study  the  experiments  vith  the  help  of  high-speed  and  X-ray 
photography.  For  that  purpose  a  few  dosable  windows  are  needed  in 
the  walls  and  roof.  The  major  problem  in  the  design  was  the  lay-out 
of  the  target  room.  This  room  should  be  able  to  withstand  a  very 
severe  explosion  and  Impact  loading,  while  on  the  other  hand 
film-windows  were  needed  at  a  rather  short  distance  from  the 
explosion  point  as  well  as  a  large  door  to  allow  the  passage  of 
target  plate  arrays: 

This  problem  was  solved  by  adopting  a  rather  unurual  shape  for  this 
building,  which  will  be  discussed  now. 
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Although  many  do  tails  had  to  b«  solved  for  the  constitution  of  a 
closed  test  facility  in  this  prper  only  sons  attention  will  be 
given  to  the  determination  of  the  internal  loading  and  the 
anchoring  system  of  the  wall-cladding. 

2.  Requirements 

The  main  requirements  that  did  affect  the  final  design  of  the 
facility  were: 

-  The  target  room  must  withstand  an  unlimited  number  of  explosions 
of  25  kg  of  TNT  equivalent  without  any  damage. 

-  If  a  projeotile  of  35  am  hardcore  accidentally  misses  the  target 
it  may  not  perforate  the  wall  of  the  target  room. 

-  Guns  with  calibres  up  to  76  sa  will  be  used  in  the  gun  room. 

-  The  entranoe  to  both  target  and  gun  room  has  to  be  at  least 
3  x  2,5  m2. 

-  During  a  test  the  faoility  should  be  fully  dosed. 

-  After  an  experiment  the  facility  has  to  be  vented  very  rapidly, 
so  that  it  oan  be  entered  after  about  5  minutes. 

-  Much  attention  has  to  be  given  to  safety.  So,  for  Instance, 

special  precautions  are  required  to  ensure  that  every  door  is 

locked  before  an  experiment  oan  be  executed. 

-  No  nuisanoe  should  be  oaused  to  the  surroundings.  Therefore 
special  attention  has  to  be  given  to  noise  pollution. 

3.  Lay  out  of  the  target  room 

Most  structures  designed  for  explosive  loadings  are  very  rigid. 
More  reoently,  however,  there  is  a  tendency  to  make  these 
structures  flexible,  in  order  ot  absorb  a  lot  of  energy  by 

(plastic)  deformation.  This  can  be  illustrated  with  the  help  of  a 
one-mass-spring-system,  loaded  by  an  impulse  i.  The  kinetic  energy 
transferred  to  the  structure  is: 

Ek  =  i2/2m 

This  hao  to  be  converted  into  the  deformation  energy  Eg,  whioh 

equals  the  area  under  the  load  defleotion  curve  of  the  system.  So 
for  elastic  behaviour: 

Eg  s  V2  q  .  x 
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mod  for  pleatio  behav lour: 

Bd  b  q  .  x 

where  q  ia  the  maximum  resistance  and  x  the  maximum  deformation  of 
the  system. 

Therefore  it  yields t 

i2  *  m.q.x  (elastlo)  or  2.m.q.x.  (plastic). 

From  these  equations  it  is  dear  that,  for  a  given  loading*  the 
strength  that  ia  needed  oan  be  reduced  by  increasing  the  mass 
and/or  the  deformation  oapaoity  of  a  structure. 

The  loading  is  determined  by  the  amount  of  high  explosive  and  the 
inner  dimensions  of  the  target  room.  The  desired  distance  between 
experiment  and  wall  la  more  or  less  fixed  at  a  value  which  is  a 
compromise  between  the  need  for  enough  room  for  big  targets  on  the 
one  hand  an  the  wish  to  make  accurate  photographs  from  the 
measuring  rooms  on  the  other.  As  the  design  load  has  to  be 
withstood  many  times*  plastic  deformations  of  course  are 
unacceptable.  However*  also  the  elastic  deformations  have  to  be 
small  as  they  do  influence  the  aoouraoy  of  the  measurements. 

The  desired  strength  of  the  structure  can  therefore  only  be  reduced 
by  increasing  the  mass  of  the  structure.  This  is  also  favorable  for 
the  reduction  of  the  noise  and  for  fulfilling  the  demand  that  a 
projectile  may  not  perforate  the  wall. 

So  a  very  rigid  and  heavy  structure  is  needed.  The  rigidity  of  a 
structure  la  not  only  influenced  by  its  dimensions  but  also  by  its 
shape.  The  rigidity  ia  highest  if  the  shape  is  ohosen  such  that  no 
bending  oocurs  but  only  pure  tension  or  compression.  For  a 
structure  that  is  loaded  internally  therefore  the  optimal  shape  Is 
a  oy Under  or  a  sphere.  Too  meet  the  strength  and  stiffness 
requirements  a  rather  thin  steel  wall  might  be  sufficient*  but  this 
does  not  have  enough  mass.  Therefore  It  Is  preferable  to  use  heavy 
walls  of*  for  instance*  reinforced  oonorete.  Hence*  the  ideal 
solution  is  a  thick -walled  cylinder  or  sphere  of  reinforced 
oonorete.  The  explosion  point  then  should  be  in  the  centre  of  the 
sphere  or  somewhere  on  the  axis  of  the  cylinder. 
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After  the  decision  wee  made  to  opt  for  a  spherioal  or  oyllndrlo&l 
room  the  otajor  problee  was  where  to  position  the  entrance,  A  big 
hole  somewhere  In  the  spherioal  or  cylindrical  vail  would  disturb 
the  force  distribution  in  an  unacceptable  way.  Besides »  in  a 
spherioal  roon  the  door  would  be  very  near  the  explosion  point  and 
therefore  be  submitted  to  an  enornous  loading.  Hie  best  way  is  to 
position  the  door  in  on9  of  the  end-oaps  of  a  relatively  long 
cylinder.  The  oyllnder  then  has  to  be  in  a  horizontal  position. 
Sinoe  a  structure  with  ourved  walls  and  floor  is  far  from  ideal  to 
work  in  the  oiroular  cross-section  was  approximated  by  an  octagon. 
The  final  plan  is  shown  in  Figure  1a»  with  a  cross-section  in 
Figure  1b. 
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Figure  1 :  Shape  of  the  target  room 
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The  wall  thickness  of  the  octagon  is  la.  This  thickness  in 
relation  to  the  diameter  makes  it  possible  to  draw  a  circle  which 
is  invariably  in  the  central  third  part  of  the  octagonal  wall,  of 
Figure  1b.  The  reinforcement  will  also  be  given  a  ciroular  shape. 
Therefore  it  may  be  assumed  that  the  octagon  will  behave  almost 
like  a  cylinder. 

This  assumption  was  ohecked  with  a  finite-element  calculation 
(paragraph  £).  As  can  also  be  seen  in  Figure  1b  the  bottom  part  of 
the  octagon  will  be  filled  with  sand  covered  by  loose  plates.  This 
has  the  advantage  that  the  remaining  room  is  much  more  convenient 
to  work  in.  Another  advantage  is  that  the  floor  can  readily  be 
required  if  it  is  damaged:  the  plates  can  be  replaced.  A 
disadvantage!  of  course,  is  that  this  disturbs  the  uniform  loading 
on  the  walls. 

As  to  the  plan:  Figure  la  shows  the  entrance  relative  to  the 
explosion  point.  It  leads  into  the  tunnel  which  interconnects 
target  and  gun  room.  In  the  side-wall  of  the  tunnel  there  is  the 
main  entrance. 

There  are  two  transverse  walls  thougt  in  the  target  room  that  have 
to  protect  the  entrance  doer  against  both  direct  shock  wave 
impingement  and  fragments. 

In  the  wall  near  the  explosion  point  there  are  a  few  small  windows: 
about  0,5  m  square,  which  can  be  covered  on  the  inside  with  steel 
plates.  Just  behind  the  first  transverse  wall  a  small  door  for  the 
entrance  of  personnel  has  been  projected. 

*».  Determination  of  internal  blast  load 

The  first  shock  wave  that  hits  the  ^all  nearest  to  the  explosion 
point  can  be  calculated  with  the  help  of  the  literature  by  assuming 
a  free  air  explosion  at  this  distaaoe. 

The  repeated  loading  here,  as  a  consequence  of  multiple 
reflections,  can  only  be  estimated  from  the  literature.  The  loading 
on  the  transverse  walls  and  especially  behind  these  walls  and  near 
the  entrance  cannot  possibly  be  predicted.  Therefore  it  was  decided 
to  do  some  tests  in  a  scaled  model.  For  the  sake  of  simplicity  a 
steel  cylinder  was  used  instead  of  an  concrete  octagon.  In  this 
cylinder  an  amount  of  sand  was  brought  and  covered  with  tiles  to 
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•isolate  the  loose  floor  plates.  Thick  steel  plates  were  welded 
inside  the  cylinder  to  simulate  the  transverse  walls.  As  a  soiling 
parameter  the  square  root  of  the  ratio  In  cross-sectional  area  was 
used*  which  resulted  in  a  factor  of  6.2. 

In  this  model  a  few  teats  were  performed.  Soso  results  are  given  in 
Figure  2. 


Figure  2:  Overpressure- tine  relations  measured  in 
the  scaled  model 
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Figure  U  shows  thft  oterpreaaure  sa  aeaaured  on  the  wall  very  near 
thft  explosion  point.  Two  strong  atook  warn  can  ha  distinguished. 
Thft  overpressure  in  thft  first  om  oorr«sponda  to  thft  r«flftotftd 
overpr#**~jre  in  a  free-air  burst  at  this  diatanoe.  Thft  tin*  bfttwften 
th«  two  vavaa  ia  1.2  as.  In  this  tiaa  interval  th«  shook  wav*  will 
travel  about  la.  Therefot'i  thft  aftoond  shook  wave  aust  b«  thft 
r«fl«otftd  shook  war*  froa  tho  opposite  wall.  Figure  2b  shows  the 
overpressure  as  aeasurftd  near  th«  antranoft.  It  ia  ol«ar  that  the 
transversft  walla  reduce  thft  overprasaure  oonaldarably.  Besides  the 
shook  wave  loading  also  thft  static  overpressure  that  will  result 
after  the  damping  out  of  th«  shook  waves  has  to  b«  taken  into 
aooount.  This  statlo  over pressure  only  depends  on  thft  loading 
density  and  will  be  here  about  0.3  MPa. 

Because  of  the  great  difference  in  Magnitude  between  the  shook 
waves  and  thin  atatio  loading  It  ia  very  difficult  to  Measure  then 
both  with  th«  saMe  transducer  in  'he  sane  test.  Slnoe  there  is  no 
reason  to  doubt  the  statio  values  as  they  are  given  in  literature 
no  attempt  has  been  nadft  to  determine  the  statlo  overpressure 
experimental ly . 

In  the  Model  tests  also  strain  aeasureMents  were  performed  on  the 
oylindrloal  wall.  Some  typioal  results  are  given  in  Figure  3. 
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Figure  3:  Strains  as  a  funotlon  of  tiae  measured  on  the  at  sal 
oylindv  ' 

The  first  short  peaks  are  elootrcaagnetlo  pulsas  froa  tha  explosion 
that  ara  received  by  tha  strain  gauge  which  serves  a:  an  ant  anna. 
This  is  proven  by  tha  tlaa  base:  tha  peaks  start  before  tha  shock 
wave  reaches  tha  wall  as  oan  be  seen  whan  ooaparins  Figures 
2a  and  3.  As  an  extra  check  an  additional  strain  gauge  was  used 
which  was  not  assented  to  nhe  cylinder  ami  therefore  should  not 
■ensure  any  strain,  tilth  this  gauge  the  same  typical  peaks  were 
■ensured .  The  strain  measurements  oan  be  used  to  gain  an  impression 
of  the  influence  of  the  tlles-on-sand  filling  on  the  ideal 
cylindrical  behaviour.  The  period  of  the  vxbratlon  corresponding  to 
this  ideal  behaviour  oan  be  oaloulated  to  be  0.6  as.  It  is  clear* 
especially  froa  Figure  3a »  that  this  vibration  dominates  the 
response.  In  Figure  3b  the  vibration  shows  considerable  damping. 
Therefore  the  main  influence  of  the  filling  on  the  response  of  the 
structure  was  the  damping  of  the  vibrations.  The  filling  did  not 
intro<.'.ce  muoh  bending  in  the  cylinder.  As  the  steel  model  is  muoh 

■ore  slender  than  the  real  structure  this  last  conclusion  will  hold 

% 

even  more  for  the  real  structure. 
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5.  Pinite- el ament  calculations 

The  response  of  a  cylinder  under  an  equally  distributed  dynamic 
loading  nan  bn  oaloulatad  Tory  easily  beoauae  tha  atruotura  nay  ba 
simplified  Into  a  one- maaa» spring  system.  la  order  to  gain  aora 
insight  Into  tha  behaviour  of  tha  raal  octagonal  atruotura  scan 
oaloulatloaa  vara  aada  with  tha  finite-element  oode  ABAQUS.  As  an 
example  tha  raaulta  era  shown  for  tha  atruotura  undar  an  aqually 
dlatrlbutad  impulse  loading. 

For  raaaona  of  ay— a  try  only  ona  alztaanth  of  tha  atruotura  haa  to 
ba  oaloulatad •  aaa  Plgura  4. 


Figure  4:  Part  "f  tha  atruotura  to  ba  oaloulatad 

Tha  impulse  loading  la  taken  Into  aooount  aa  an  Initial  veloolty. 
Tha  material  bahavlour.  for  this  calculation  van  linear  elastic. 
Raaulta  are  given  in  Figure  5a  for  tha  displacements  and  in  5b  and 
5c  aa  contour  plots  of  tha  prinoipal  stresses. 
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o.  Contour  plot  of  ainlnvm  principal  straaaaa*  lu  Pa 

Plfurt  5:  * a suit a  of  n  raaponaa  oaloulatlen  with 
flnlto  «1  •wants 

Tha  alnlwuw  prlnolpnl  strasaai  ara  of  the  order  of  about  one 
paroant  of  tha  aaxlauw  prlnoipal  atraaaas  and  tharafora  naglagibla. 
Fron  Pleura  5b  It  in  olaar  that  tha  saxlia  atrasa  la  nora  or  lass 
oonatant  In  noat  of  tha  aleaanta.  la  oan  ba  axpaotad  daTiatlona 
ooour  noar  tha  oornara,  Eapaolally  In  tha  right- band  bottow  oornar 
thara  la  oonsldarabla  atrasa  oo noantra tion. 
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6.  Wall-cladding 


In  cost  of  the  existing  facilities  for  tests  with  high  explosives 
the  walls  are  covered  with  steel  plates.  Normally  these  plates  are 
not  in  direct  contact  with  the  (oonorete)  walls:  between  the  plates 
and  the  walls  often  wood  is  applied »  either  concentrated  in  a 
number  of  beams  or  distributed  over  the  entire  wall.  Instead  of 
wood  also  rubber  is  applied  sometimes. 

A  major  problem  is  always  the  connection  of  the  steel  plates  with 
the  wall.  After  number  of  experiments  often  the  anchor  bolts 
gradually  begin  to  loosen.  Here*  for  the  target  room  also  steel 
cladding  is  considered.  The  problem  of  preventing  the  anchor  bolts 
from  loosening  was  tackled  by  studying  the  origin  of  the  high 
forces  on  the  bolts  and  searching  for  means  to  reduce  them.  The 
cladding  was  simplified  to  a  one-mass-spring  system.  Its  mass 
consists  mainly  of  the  steel  plate •  together  with  some  of  the 
backfilling  material.  The  spring  stiffness  under  compression  is  the 
stiffness  of  the  backfilling •  together  with  the  bending  stiffness 
of  the  steel  plate  if  it  is  not  supported  uniformly.  Under  tensile 
loading  the  stiffness  is  only  caused  by  the  anchor  bolts.  This  is 
schematically  drawn  in  Figure  6. 


Figure  6:  Spring  characteristic  for  wall  cladding 
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In  general,  therefore,  the  stiffnesses  are  different  for  tensile 
and  ooopressive  loadings.  If  the  system  is  loaded  by  a  shock  wave 
the  backfilling  material  is  compressed.  This  is  indicated  in 
Figure  6  by  a  displacement  xc,  corresponding  to  a  pressure  p0.  The 
amount  of  deformation  energy  in  the  system  equals  V2.xc.p0:  the 
shaded  area.  Because  the  loading  is  dynamic  the  system  starts  to 
vibrate.  This  may  lead  to  tension  in  the  system.  The  tension  is 
maximal  when  the  loading  is  impulsive.  Then  all  the  energy  absorbed 
during  the  compression  phase  will  be  set  free  and  has  to  be 
absorbed  again  in  tension.  This  is  indicated  in  the  Figure  by  Pt 
and  xt.  The  deformation  energy  now  equals  V2.xt.pt. 

As  the  amounts  of  energy  have  to  be  the  same  this  results  in: 

*c  •  Pc  a  *t  *  Pt 

With  this  expression  the  problems  with  the  anchor  bolts  can  be 
explained.  If.  as  a  backfilling?  wooden  beams  are  used  the 
displacement  xQ  is  at  least  several  millimetres.  In  order  to 
prevent  the  loosening  of  the  bolts  often  very  strong  and  stiff 
bolts  are  used.  Therefore  xt  is  very  small.  This  will  lead  to  an 
enormous  tensile  loading  pt  on  the  anchoring  system,  which  can  be 
much  more  than  the  loading  pc  with  which  the  steel  plates  were 
compressed  against  the  wall. 

It  is  therefore  much  better  to  reduoe  the  flexibility  of  the 
backfilling  system  and  to  make  the  bolts  as  flexible  as  possible. 
The  most  rigid  structure  is  a  direct  contaot  between  steel  plate 
and  oonorete  walls.  However,  this  oould  cause  damage  to  the 
ooncrete  if  the  steel  plate  were  hit  by  a  fragment.  Therefore  a 
rather  thin  backfilling  of  plywood  was  chosen.  The  neoessary 
flexibility  of  the  bolts  will  be  reached  by  using  very  long  bolts 
that  are  screwed  into  sockets  cast  deep  into  the  concrete.  Another 
possibility  is  the  use  of  spring  washers,  but  with  the  calculation 
method  outlined  before  it  could  be  proven  that  this  was  not 
necessary. 
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7.  Conolusions 


H, 


or  the  furtherance  of  the  research  at  the  Prlns  Maurits 
Laboratory-TNO  on  both  internal  and  terminal  ballistics  a  fully 
closed  test  facility  has  been  designed.  On  the  basis  of  various 
requirements  it  is  shown  that  the  optimal  shape  for  the  test 
facility  is  a  thick-walled  cylinder  of  reinforced  concrete. 
However,  for  practical  reasons,  an  octagonal  cross-section  has  been 
selected  for  the  final  design  of  the  test  facility. 

The  design  study  was  supported  by  the  results  of  experiments  with  a 
scaled  model  to  estimate  the  internal  loading  on  the  walls  of  the 
target  room.  Further  finite-element  calculations  have  been  carried 
out  to  determine  the  dynamic  response  of  the  structure.. 
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SAFETY  IN  ORDNANCE  TESTING 


Captain  David  A.  Mendoza;  United  States  Air  Force;  Eglin  AFB,  Florida 
Joseph  H.  Berk;  Aerojet  Ordnance  Company;  Downey,  California 
Gary  L.  Raney;  Aerojet  Ordnance  Company,  Downey,  California 

Aerojet  Ordnance  Company  develops  and  manufactures  medium  caliber  ammunition 
and  air-dispensed  munitions.  To  support  the  development  and  manufacturing 
efforts,  the  company  is  heavily  involved  in  ordnance  testing.  Although 
many  of  the  safety  problems  associated  with  ordnance  testing  are  similar  to 
those  found  elsewhere  in  the  defense  industry,  there  are  also  unique  safety 
considerations. 

In  the  past,  almost  all  of  the  safety  analyses  performed  on  ordnance  systems 
have  focused  on  either  the  ordnance  device  or  the  manufacturing  facility. 
While  these  analyses  are  certainly  necessary,  a  third  important  area 
requiring  at  least  as  rigorous  an  analytical  effort  is  frequently  given 
less-than-adequate  attention.  This  is  the  ordnance  test  program,  which 
usually  consists  of  the  following  efforts: 


Development  Testing.  These  tests  are  conducted  to  demonstrate 
concept  feasibility,  verify  compliance  with  performance 
requirements,  and  define  performance  characteristics.  Such  tests 
normally  occur  during  the  engineering  development  phase  of  the 
system  life  cycle. 

Acceptance  Testing.  These  tests  are  conducted  to  verify  the 
ordnance  system  is  ready  for  production  (preproduction  or  first 
article  acceptance  testing} ,  or  that  manufactured  hardware  is 
acceptable  for  delivery  to  the  government  (lot  acceptance 
testing).  Such  tests  normally  occur  at  the  start  of  and  during 
the  production  phase  of  the  system  life  cycle. 

Long-TeiiB-S.to.ugg-jSuiYfilllflnc.fi  .Tgeting.  These  tests  are 
conducted  at  regular  intervals  to  verify  that  hardware  has  not 
deteriorated  during  storage.  For  example,  the  firing  circuits  of 
rocket  motors  stored  in  government  inventories  are  typically 
tested  every  one  or  two  years.  There  is  a  trend  to  warrant 
conventional  munitions  systems,  which  will  require  live  testing 
of  ordnance  systems  pulled  from  long-term  storage  facilities. 
Such  tests  will  normally  occur  during  the  storage  phase  of  the 
system  life  cycle. 

Operational  Testing.  These  tests  validate  the  entire  ordnance 
system  (including  procedures,  delivery  conditions,  and  hardware) 
using  operational  personnel  and  equipment.  The  Initial  Cpera- 
tional  Test  and  Evaluation  (IOT&E)  is  a  test  that  validates  the 
design  prior  to  production.  Follow-on  Operational  Testing  and 
Evaluation  (F0T6E)  is  a  test  that  validates  the  procedures  and 
hardware  prior  to  deployment. 
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As  can  be  seen  from  the  above,  there  is  a  significant  level  of  activity 
associated  with  testing  ordnance  systems.  In  fact,  most  conventional 
ordnance  systems  see  more  use  in  the  test  environment  than  in  any  other. 
Due  to  the  fact  that  unsafe  test  hardware,  fixturing,  procedures,  or 
location  can  have  disastrous  consequences,  application  of  rigorous  system 
safety  engineering  techniques  to  all  activities  associated  with  ordnance 
testing  is  essential. 


BarcWare  Safety  Analysis 

In  an  ordnance  test  environment,  one  must  be  concerned  with  the  safety  of 
the  item  being  tested,  the  test  fixturing,  and  hardware  used  to  dispose  of 
the  test  item.  In  most  cases,  the  ordnance  device  is  extensively  analysed 
as  a  normal  part  of  the  system  safely  program  (preliminary  hazard  analysis, 
failure  modes  and  effects  analysis,'  fault  tree  analysis,  etc.). 

Safety  analysis  of  test  fixturing  (including  instrumentation)  is  equally 
important,  yet  it  seldom  receives  the  same  depth  of  analysis.  The  analyses 
prepared  for  the  ordnance  device  should  be  used  as  a  starting  point  to 
familiarize  the  engineer  with  the  conditions  required  for  arming  and 
detonation,  and  how  the  device  might  behave  under  unusual  conditions.  Once 
this  is  done,  the  same  types  of  analyses  prepared  for  the  ordnance  device 
should  be  prepared  for  the  test  fixturing.  Fault  tree  analysis,  in  particu¬ 
lar,  is  strongly  recommended  to  identify  the  required  conditions  and 
probability  of  occurrence  for  such  events  as  inadvertent  arming  x  detona¬ 
tion,  failure  to  function,  loss  of  control  of  the  ordnance  device,  and 
explosive  residue. 

The  fixturing  (or  lack  of  fixturing)  used  to  recover  and  dispose  of  any 
explosive  residue  is  another  critical  hardware  analysis  area.  The  explosive 
residue  could  be  as  small  as  a  detonator,  or  as  significant  as  a  dud 
submunition  from  a  cluster  bomb  unit  (see  Figure  1).  Since  personnel  are 
normally  involved  in  the  disposal  of  explosive  residue,  the  equipment  used 
for  this  purpose  should  be  included  in  the  safety  analysis. 

While  pursuing  traditional  hazard  identification  methods  (location  of  all 
energy  sources,  consequences  of  improper  assembly,  out-  of -sequence  operator 
actions,  etc.),  the  analyst  should  review  the  history  of  similar  weapon 
systems.  Although  the  state-of-the-art  in  ordnance  system  and  test  fixture 
design  is  oontir'ially  evolving,  many  of  the  likely  hazards  have  been  exper¬ 
ienced  on  earlier  systems.  A  review  of  this  failure  history  will  provide 
valuable  design  guidance  for  both  the  ordnance  system  and  the  test 
fixturing. 

Design  reviews  should  be  held  for  the  test  fixturing  just  as  they  are  for 
the  test  item.  Senior  members  of  the  technical  staff  as  well  as  qualified 
system  safety  engineers  should  participate  in  the  review.  Die  temptation  to 
assess  the  safety  of  test  fixturing  based  solely  on  the  opinion  of  the  test 
engineer  or  technician  must  be  resisted.  A  recent  quote  in 
Hazard  Prevention  best  explains  the  reason  for  this:  "...  repeated 
uneventf'il  experience  with  a  hazard  may  reduce  disproportionately  its 
perceived  risk  ... 
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Figure  1.  Example  of  test  residue.  Armed  live  BLU-97/B  bomblet  from  a  recent  CBU-87/B 
flight  test. 


Ordnance  test  engineers  and  technicians  frequently  develop  a  disregard  for 
the  severity  of  a  hazard  for  this  exact  reason.  Further,  relying  solely  on 
the  judgement  of  those  required  to  perform  the  teat  places  these  people  in 
an  awkward  position.  Ordnance  test  personnel  may  feel  that  their 
capabilities  or  dedication  to  the  job  will  be  compromised  if  they  question 
the  safety  of  a  test. 

Depending  on  the  complexity  of  the  test  fixturing,  the  fixturing  design 
review  can  sometimes  be  combined  with  the  test  review.  The  test  review  will 
be  described  in  the  next  section. 

Procedural  Safety  Analysis 

An  operating  and  support  hazard  analysis  (O&SHA)  of  the  test  procedure  is 
critically  important  to  the  conduct  of  a  safe  test.  The  O&SHA  should  draw 
upon  all  of  the  safety  analyses  described  above,  as  well  as  the  test 
procedure.  The  O&SHA  should  include  a  time  line  analysis  and  a  walk-through 
of  the  test  procedure  to  determine  if  the  required  steps  can  be  safely 
accomplished  within  the  ordnance  device's  timing  constraints.  During  the 
walk-through,  all  required  protective  equipment  (face  shield,  gloves,  flak 
jacket,  etc.)  should  b^  worn  to  identify  ary  human  factors  considerations 
that  might  not  otherwise  surface.  On  one  such  recent  test,  a  walk-through 
identified  a  hazard  that  was  adequately  controlled  through  a  procedural 
change  (see  Figure  2). 

This  example  concerns  the  Combined  Effects  Munition  System,  which.  Aerojet 
Ordnance  Company  is  currently  producing  and  testing  for  the  U.  SL  Air  Force. 
CBU-87/B  Lot  Acceptance  Flight  Testing  is  conducted  at  the  Aerojet  test 
facility  at  Hawthorne,  Nevada,  while  Follow-on  Operational  Test  and  Evalua¬ 
tion  is  being  conducted  by  the  57th  Fighter  Weapons  Wing  at  Nellis  Air  Force 
Base,  Nevada.  Prior  to  Aerojet's  actual  conduct  of  the  first  full-up  high- 
explosive  drop,  table  top  reviews,  simulations,  walk-throughrtalk-throughs, 
and  one  complete  dry  run  using  inert  items  were  conducted  to  verify  the  test 
plan  and  the  procedures  that  support  the  plan.  An  historical  perspective  on 
the  Lot  Acceptance  Flight  Test  procedure  was  provided  by  discussion  and 
observations  of  how  the  a  S.  Air  Force  was  conducting  Follow-on  Operational 
Test  and  Evaluation  tests  at  Nellis  Air  Force  Base,  Nevada.  Several  areas 
of  concern  were  identified  and  corrected.  For  example,  the  review  found 
that  the  run-in  line  to  the  release  point  for  the  delivery  aircraft  went 
over  a  mountain  which  was  200  feet  higher  than  the  release  altitude.  The 
aircraft  flight  path  was  modified  accordingly. 

In  addition  to  uncovering  hazards  inherent  to  the  conduct  of  the  test,  the 
O&SHA  should  assess  the  clarity,  adequacy,  and  accuracy  of  the  test 
procedure.  If  the  procedure  is  difficult  to  understand  or  must  be  worked 
around,  it  should  be  rewritten.  The  use  of  universal  test  procedures  (i.e., 
those  containing  information  designed  to  allow  the  test  technician  to 
perform  any  of  several  tests  by  turning  to  selected  pages,  or  those  written 
in  general  terms  and  intended  to  allow  operator  latitude)  is  strongly 
discouraged.  The  procedure  should  contain  adequate  warnings  that  are 
clearly  visible  and  appear  prior  to  the  affected  operation.  The  O&SHA 
should  also  check  for  and  assess  the  steps  to  take  in  the  event  of  any 
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conductive 


Figure  2.  Test  fixture  used  to  record  firing  of  the  GftTOR  mine  body  assembly,  when  the 
mine  body  fires,  it  pushes  the  plunger  on  the  top  of  the  fixture  upward,  breaking  a 
conductive  rod.  A  walk-through  of  the  procedure  showed  the  need  to  perform  all  electrical 
connections  prior  to  placing  the  mine  in  the  fixture  (if  the  mine  fired  early,  the 
technician  could  be  injured  by  the  plunger). 


unusual  occurrence*.  Finally,  the  OfcSHA  should  review  existing  procedural 
checklists,  end  recommend  any  other  required  checklists. 

When  preparing  the  06SHA,  the  system  safety  engineer  should  be  sensitised  to 
the  differences  between  development  testing  and  acceptance/surveillance 
testing.  In  development  testing,  a  very  small  number  of  specimens  is 
usually  tested.  Just  the  opposite  is  true  during  first  article,  lot 
acceptance,  or  long-term  surveillance  testing.  Hundreds  of  samples  may  be 
randomly  selected.  For  such  a  test,  r  squired  operator  actions  a  ay  easily 
(and  surprisingly)  nuatoer  in  the  tens  of  thousands.  Sines  human  error  rates 
generally  range  from  10~2  to  IQ",  it  becomes  obvious  that  special 
procedures,  checklists,  and  training  will  be  required  to  limit  the  number  of 
Operator  errors.  Figure  3  shows  the  human  error  rates  experienced  during 
acceptance  testing  of  a  recent  production  program.  The  results  of  hardware 
and  procedural  analyses  should  be  documented  as  part  of  the  safety  review, 
end  changes  made  to  appropriate  test  plans  and  CDRL  items  wherever 
deficiencies  are  noted. 

Cnee  the  above  analyses  have  been  completed,  a  test  review  should  be  held. 
The  test  review  is  similar  to  the  design  review  in  that  it  includes  senior 
technical  personnel  w.x>  are  not  directly  associated  with  the  project.  Ihe 
test  review  should  identify  the  teat  objectives,  how  the  test  will  be 
performed,  and  all  associated  hazards.  The  test  review  committee  members 
should  agree  on  the  safety  of  the  test  before  it  is  performed. 


Organisational  Culture 

The  effects  of  the  hardware  and  procedural  analyses  on  safety  is  frequently 
a  function  of  the  quantity  and  seriousness  of  management  emphasis  placed  on 
the  subject,  and  the  resulting  organizational  culture.  As  is  the  case  in 
all  industries  where  hazardous  operations  are  performed,  incorrect  safety- 
related  opinions  are  occasionally  expressed.  In  the  ordnance  industry, 
these  erroneous  concepts  generally  take  the  form  of  the  following  four 
myths: 

Myth  Wo.  1:  "Accidents  will  always  occur  ...  it's  just  a 
question  of  spreading  out  the  time  between  them  ..." 

A  statistician  may  argue  that  in  a  pure  technical  sense  the  above  statement 
is  correct,  unfortunately,  this  attitude  has  no  place  in  the  ordnance  test 
environment.  The  goad  should  be  to  have  a£££  accidents,  with  proper  test 
fixturing,  procedures,  and  personnel  protection,  such  a  goal  is  achievable. 

Myth  Mo.  "You  have  to  prove  the  test  is  dangerous  before 
we'll  cancel  it  ..." 

Just  the  opposite  is  true.  Proper  analysis  must  be  performed  to  verify  that 
it  is  safe  to  proceed  with  the  test,  rather  than  simply  proceeding  blindly 
unless  soreone  can  show  that  an  uncontrolled  hazard  exists. 

• 

UYt bJfe'J't:  "You  have  to  be  willing  to  accept  risk  ..." 
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ERROR  FREQUENCY  VS  MONTH 
FAAT/LAT  UNITS  TESTED  VS  MONTH 

UNITS/MONTH  AND  HUMAN  ERRORS/10,000  OPS 
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Acofpting  risk  is  •  bssic  pctoft  of  doing  businsss.  However,  unquantified 
risk  (particularly  when  the  oonaequanot  could  be  injury  or  death)  suet  never 
be  accepted. 


ftrtb  tew  4s  "if  the  ordnance  test  technician  is  willing  to  do 
it,  then  it  must  be  safe  ...” 

for  reasons  explained  earlier,  ortkiance  test  technicians  and  test  engineers 
should  not  he  the  final  authority  to  pass  judgement  on  the  safety  of  a  test 
(unless  they  feel  it  is  too  dangerous  to  proceed)*  If  these  experts  feel  it 
is  safe  to  proceed  with  a  teat,  their  opiniona  should  be  augmented  with  a 
sound  system  rafety  assessment. 


qpmefal  ortMBot  om  idecat  inns 

Several  safety-related  peculiarities  have  been  mentioned  in  the  preceding 
paragraphs.  Others  that  bear  mention  include  test  site  location,  crowd 
control,  personal  protective  gear,  adequate  pre-explosive  test  and  analysis, 
reduced  explosive  component  testing,  and  electromagnetic  interference/elec¬ 
trostatic  discharge  (EMI/ESD)  protection. 


fast  Site  Location 

Test  site  location  is  critical  to  the  safe  conduct  of  any  explosive  testing 
to  allow  for  proper  test  conduct,  monitoring,  and  observation  based  on  a 
prudent  safety  plan.  An  Operating  and  Support  Hasard  Analysis  (04SHA) 
should  be  conducted  on  the  testing  location  to  assure  the  test  location  will 
not  prevent  safe  completion  of  the  test.  This  analysis  can  draw  upon  or  be 
part  of  the  other  safety  analyses  described  earlier. 


Crowd  Control 

Due  to  the  often  spectacular  nature  of  an  ordnance  test,  many  people  will 
want  to  attend.  If  spectators  will  be  present,  there  should  always  be  a 
designated  spectator  area  located  far  enough  away  from  the  immediate  test 
area  to  assure  personnel  safety  under  all  conditions.  Only  those  personnel 
necessary  for  the  conduct  of  the  test  should  be  present  in  the  immediate 
test  area.  Video  camera  coverage  can  allow  those  interested  in  the  ordnance 
test  to  view  its  conduct.  During  acceptance  testing  of  the  GATOR  mine  body, 
for  example,  the  mine  was  fired  at  high  velocity  into  a  particle  board  (see 
Figure  4).  Even  though  no  high  explosives  were  present,  resultant  s&hot 
debris  required  keeping  personnel  at  a  safe  distance. 


Ktrsonal  Protective  Gear 

If  it  is  necessary  to  handle  art  armed  ordnance  device  during  the  conduct  of 
a  test,  protective  gear  should  provide  adequate  protection  (based  on  the 
assumption  the  ordnance  device  will  fire  while  being  handled).  This  is  true 
for  sm all  detonators  only,  and  not  for  high  explosive  charges.  If 
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protective  gear  will  not  provide  adequate  protection  in  the  event  o£  a 
detonation#  the  test  must  be  done  remotely. 

Whenever  possible#  all  test  items  should  be  handled  reaotely.  During 
development  efforts  (where  only  a  few  items  are  built)#  this  is  often  not 
feasible.  Routine  acceptance  testing#  however#  generally  occurs  often 
enough  to  justify  renote  handling  equipment.  On  one  cluster  munition 
program#  submunition  fuses  are  tested  entirely  by  remote  handling  equipment 
(see  Figure  5) . 

The  use  of  robots  in  ordnance  tc-t  applications  should  be  considered.  As 
robot  technology  continues  to  improve#  remotely-controlled  robots  will  he 
used  in  more  applications,  particularly  in  recovery  and  disposal  of  test 
residue.  Host  large  metropolitan  police  departments  own  robots  for  disposal 
of  explosive  devices#  and  thair  experience  is  often  applicable  to  the 
requirements  discussed  in  this  p*per. 


Pre-explosive  flat  and  Analysis 

Warheads  mounted  on  flight  platforms  should  not  be  flight-tested  until  the 
stability  of  the  vehicle  has  been  demonstrated.  Also#  trajectory  analysis 
should  be  performed  to  verify  range  safety  of  the  products  of  high  explosive 
warheads.  In  particular#  attention  should  be  focused  on  the  possible  fields 
of  fire  for  the  carrot  from  a  shaped-charge  warhead#  and  the  slug  from  a 
self-forging  fragment  warhead. 


*As  a  general  rule#  ordnance  tests  should  be  conducted  with  minimum  explosive 
components.  Adequate  system  performance  information  can  usually  be  obtained 
without  the  use  of  the  main  high-explosive  chargee.  This  approach  has  the 
added  advantage  of  eliminating  special  range  requirements.  If  a  failure 
does  occur#  the  explosive  ordnance  disposal  requirements  are  greatly 
simplified#  and  there  is  generally  hardware  left  to  analyse. 

The  hardware  safety  analysis  for  the  test  device  should  identify  the 
explosive  items  that  might  remain  after  a  test.  Even  reduced  explosive 
component  testing  can  leave  an  explosive  hasard.  During  Follow-on 
Operational  Test  and  Evaluation  testing  of  the  Combined  Effects  Munition 
System,  BLU-97/B  submunition  explosive  components  are  reduced  to  allow 
confirmation  of  function  (the  BLU-97/B  submunition  contains  a  full  fuse 
but  an  inert  bomb  body  is  used  with  a  foil  disc  to  indicate  proper 
function) . 


590 


Figure  5.  Pneuma 
handling  of  the  am 


BIX/BSD  Protection 


Everything  associated  with  an  ordnance  test  should  be  grounded  to  help 
protect  against  electrostatic  discharge.  This  includes  fixturing,  the 
ordnance  device,  and  the  technicians  and  engineers  conducting  the  test. 
Many  detonators  are  extremely  sensitive  to  electrostatic  discharge,  and  even 
when  proper  grounding  procedures  are  followed,  such  devices  will  sometimes 
be  energized  by  ESD.  The  system  safety  engineer  must  be  aware  of  charges 
that  can  be  generated  in  an  area  insulated  from  the  ground  plane.  In  one 
test,  a  plastic  mine  body  contained  a  detonating  device  held  in  place  by 
cellophane  tape.  Even  though  the  technician  and  the  mine  were  grounded,  a 
charge  sufficient  to  ignite  the  detonator  resulted  when  the  tape  was  peeled 
away  from  the  mine  body.  The  plastic  mine  body  insulated  the  generated 
charge  from  the  groundwires. 

The  effects  of  electromagnetic  interference  should  also  be  considered,  and 
protection  provided  accordingly.  Test  fixturing  frequently  contains  long 
power  or  signal  monitoring  lines  that  can  act  as  antennas.  Such  systems  may 
be  far  more  susceptible  to  EMI  than  the  weapon  being  tested.  Die  result  may 
be  an  inadvertent  command  to  the  test  item. 


n  the  past,  almost  all  of  the  system  safety  analyses  done  in  the  ordnance 
industry  focused  on  operational  deployment  or  manufacturing  of  the  weapon 
system.  Most  ordnance  systems  see  far  greater  use  in  the  test  environment, 
however,  and  greater  safety  emphasis  is  needed  in  this  area.  The  analytical 
effort  should  focus  not  only  on  the  item  being  tested,  but  also  on  test 
fixturing  and  procedures.  An  engineering  process  very  similar  to  that  used 
to  verify  the  safety  of  the  ordnance  device  should  be  used  to  verify  the 
safety  of  the  test  fixturing  and  procedures.  This  should  include  classical 
system  safety  analysis  techniques  as  well  as  independent  senior  technical 
design  and  procedural  reviews.  Special  consideration  should  be  given  to  the 


problems  unique  to  ordnance  testing. 
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CRITERIA  FOR  BLAST  DAMAGE  FROM  DISTANT  GUN  FIRE  AND  EXPLOSIONS 

by 

William  J.  Taylor 
Ballistic  Research  Laboratory 
Aberdeen  Proving  Ground,  MD 


Introduction 

Activities  on  many  Army  installations  involve  the  firing  of  guns  and  the 
detonation  ofc  explosives.  These  activities  generate  blast  waves  that 
propagate  to  neighboring  communities  and  cause  complaints  of  damage.  This  j 

paper  describes  the  procedure  for  processing  claims,  reviews  the  types  of  r  i 
residential  damage  claimed,  and  describes  the  blast  damage  threshold  criteria. 

The  energy  releases  that  disturb  communities  emanate  from  a  variety  of  ' 

sources:  muzzle  blast  from  artillery  and  tank  guns,  blast  from  high  explosive 
(HE)  rounds  fired  by  these  weapons,  and  charges  fired  above,  on  and  below  the  ! 
surface  (see  Figure  1).  As  one  might  expect,  the  large  number  of  military  , 

reservations  in  the  US  with  a  potential  for  causing  damage,  resulted  in  the  j 

Army  establishing  a  "regulation"  to  deal  with  complaints  of  damage.  Army  j 

Regulation  27-20  was  established  and  requires  that  claims  of  Linage  that  ! 

cannot  be  settled  by  the  offending  government  agency  must  be  orwarded  through 
the  Staff  Judge  Advocate  Office  at  Fort  Meade,  Maryland,  to  the  Ballistic 
Research  Laboratory  at  Aberdeen  Proving  Ground,  Maryland,  where  they  are  co  be  ] 
evaluated  and  then  returned  to  Fort  Meade  (see  Figure  2)  for  final  disposition 
and/or  settlement.  If  the  claim  is  denied  the  claimant  has  the  right  of 
appeal.  j 

The  claim  file  should  contain  statements  by  the  claimant  and  reports  by 
the  offending  agency.  The  claimant's  report  describes  the  nature  of  the 
damage  incurred  and  the  date  of  the  occurrence.  The  spectrum  of  damage 
complaints  is  wide,  ranging  from  cracked  concrete  to  nail  popping  (see  Figure 
3).  The  agency  alleged  to  have  caused  the  damage  prepares  a  report  (with 
photos)  that  describes  the  condition  of  the  structure  and  highlights  any 
condition  of  the  property  that  may  have  a  bearing  on  the  claim.  In  addition, 
the  agency  report  includes  a  map  which  shows  the  position  of  the  structure 
with  respect  to  the  explosion  or  gun  firing  point  and  a  statement  of  details 
on  the  explosions  or  firing  activities  at  the  time  of  the  alleged  damage.  If  j 
meteorological  conditions  at  the  time  of  the  alleged  damage  are  available, 
they  are  also  Included  in  the  report. 

Determining  the  blast  pressure  that  a  structure  experiences  as  a  result  of 
these  ki.-.ds  of  energy  releases  is  often  not  a  straightforward  procedure. 

There  are  unknowns  in  the  forcing  function  and  unknowns  regarding  the  response 
of  the  structure  to  a  forcing  function.  In  order  to  resolve  the  claim, 
assumptions  have  to  be  made  that  put  the  problem  in  a  framework  which  allows 
drawing  from  an  established  database.  Some  of  the  assumptions  are  minor  when 
considered  in  the  light  of  the  strong  influence  played  by  the  atmosphere  and 
the  characteristic  lack  of  information  on  the  atmospheric  conditions 
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prevailing  at  the  time  of  the  bleat*  Figure  4  shows  typical  missing 
parameters . 

Airblast,  not  ground  shock*  is  the  most  Important  factor  to  consider  In 
the  claim  evaluation  process.  Weak  overpressures  travel  at  near  sound 
velocity  and  hence  their  propagation  velocity  with  respect  to  the  ground  Is 
significantly  altered  by  temperatures  and  winds*  For  the  charge  weights  and 
distances  of  interest*  the  travel  time  is  relatively  long  and  one  can  expect 
the  atmosphere  to  have  a  strong  Influence  on  the  pressure  level.  The  missing 
elements  in  Figure  4  may  well  become  unimportant  because  of  the  strong 
Influence  of  the  winds  and  temperature. 

Static  Charge  and  HE  Shell 

There  are  data  relating  pressure  and  distance  for  charges  detonated  on  the 
surface  and  in  free  air*  but  no  data  in  the  very  law  pressure  region  (<1034  Pa 
or  .05  psi) ,  that  can  be  used  directly  because  of  the  strong  influence  of  the 
changing  atmosphere.  A  free  air,  pressure  vs.  distance  relationship  was 
established  however,  by  a  committee  of  the  Acoustical  Society  of  America  [1]. 
It  used  a  hydrocode  to  extend  selected  higher  pressure  data  to  the  very  low 
pressure  region.  The  equation  and  curve*  Figure  5,  are  taken  from  reference 
1.  This  curve  is  used  in  claim  evaluations  to  determine  a  baseline  pressure 
which  will  be  altered  in  some  manner  by  the  atmosphere.  If  the  charge  were 
detonated  on  the  ground,  the  curve  indicated  by  2  kg  would  provide  a  better 
estimate  of  pressure  In  a  standard  atmosphere. 

Chapter  5  of  reference  1  contains  a  detailed  description  of  the  influence 
of  real  atmospheres  in  the  low  overpressure  region  and  the  author  of  the 
reference  infers  that  pressure  could  be  amplified  by  a  factor  of  five  under 
unusual  meteorological  conditions.  If  the  claim  file  does  not  include 
pertinent  meteorological  data,  the  pressure  obtained  from  Figure  5  is 
increased  by  a  factor  of  five  to  ensure  a  fair  evaluation.  It  Is  felt  that 
the  claimant  should  not  be  penalized  because  of  a  lack  of  specific 
information. 

A  claim  which  Involves  a  structure  that  is  close  to  a  bare  static  charge 
allows  the  most  accurate  prediction  of  pressure.  The  atmosphere  has  had 
little  time  to  influence  the  wave  and  there  has  been  only  a  mild  excrapolaticn 
of  a  rather  extensive  database.  However,  this  case  Is  rarely  encountered 
because  Army  proving  grounds  normally  fire  static  charges  in  remote  areas. 
Accidental  explosions  could  of  course  occur  close  to  residential  areas.  The 
detonation  of  an  In-flight  HE  shell  is  a  frequent  scenario  for  provoking 
claims  of  damage.  For  shell  detonating  in  an  impact  area,  one  will  not  know 
the  height  of  burst  or  have  accurate  positioning  of  the  round.  The  lack  of 
data  on  these  variables  is  deemed  not  Important  for  most  cases  because  the 
distance  between  impact  areas  and  residential  structures  5s,  by  design, 
substantial.  The  procedure  is  to  assume  a  free-air  detonation  on  the  near 
boundary  of  the  impact  area. 

Muzzle  Blast 


Many  claims  stem  from  the  muzzle  blast  of  tank  guns  and  artillery  weapons. 
These  produce  a  non-symoetrical  blast  pattern  that  extends  from  the  near  field 
to  the  far  field.  There  is  a  directivity  effect,  an  enhancement  of  the 
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pressure  in  front  of  the  weapon  and  attenuation  toward  the  rear.  The 
theoretical  treatment  of  muzzle  blast  in  the  far  field  is  shallow,  but  there 
are  experimental  databases.  Schomer  et  al.  [2]  used  pressure  measurements 
from  gun  firings  to  relate  pressure  to  available  propellant  energy,  gun  tube 
elevation  and  azimuth,  and  length  of  gun  tube.  Unfortunately,  these 
parameters  are  not  usually  included  in  the  claim  file.  Pater  [3j  conducted  a 
study  of  blast  from  naval  guns  that  was  similar  to  the  Schomer  study.  Both 
concluded  that  directivity  can  add  as  much  as  14  db  (a  factor  of  five  increase 
in  pressure).  Luz  [4]  used  the  Schomer  pressure  vs.  distance  data  to 
determine  the  frequency  of  occurrence  of  disturbing  pressures  in  communities 
that  border  tank  gun  and  artillery  firing  ranges  taking  into  account  the  range 
of  meteorological  conditions  experienced  in  practice.  Luz's  work  can  be 
plotted  to  establish  pressure  vs.  distance  curves  if  a  fixed  frequency  of 
occurrence  is  maintained.  Figure  6  shows  the  pressures  that  could  be  expected 
to  be  exceeded  by  1%  and  5C%  of  the  firings  in  the  direction  of  fire  of  a  120 
mm  tank  gun.  The  difference  in  pressure  between  the  1%  and  50%  curves  is 
attributed  to  changes  in  meteorological  conditions.  The  plotting  parameter  db 

Pa 

is  related  tc  Pascals,  Pa,  by  the  equation  db  =  20  log  - r  .  The  data 

20x10“° 

from  the  120  mm  sabot  (KE)  round  waa  selected  as  a  baseline  for  scaling 
because  it  would  minimize  the  chance  of  having  a  significant  bow  sho  :k 
signature,  and  the  cartridge  contains  a  significant  propellant  load.  It 
should  produce  a  maximum  muzzle  blast  for  its  caliber.  Figure  7  is  a  plot  of 
pressures  expected  for  1%  exceedance  of  the  firings  in  the  front,  side  and 
rear  of  the  gun.  The  pressure  differences  are  not  as  great  as  those 
attributed  to  meteorology  and  shown  in  Figure  6,  but  angle  of  fire  can  be 
important . 

Figure  8  is  an  estimate  of  pressure  for  1%  exceedance  from  155  mm  howitzer 
firings.  The  projection  was  obtained  by  increasing  the  distance  for  selected 
pressures  by  the  ratio  of  diameters  of  the  120  ram  and  155  mm  guns.  The  graph 
shows  exceedance  toward  the  front,  side  and  rear  of  the  weapon.  The  rate  of 
pressure  decay  for  el  orientations  is  the  same.  Figure  9  is  a  similar  plot 
for  the  3"  howitzer.  The  projections  may  overpiediot  toward  the  front  of  the 
weapons  and  underpredict  toward  the  rear  because  of  the  presence  of  muzzle 
brakes  on  many  artillery  weapons.  Artillery  firing  positions  are  often  near 
the  military  reservation  boundary,  allowing  the  weapon  to  fire  to  a  rather 
centrally  positioned  impact  area.  The  figures  show  that  rather  high  pressures 
can  be  experienced  within  5  km  of  large  caliber  guns  when  meteorological 
conditions  are  unfavorable. 

Criteria  based  on  1%  exceedance  do  not  account  for  the  "unusual"  day.  In 
other  words,  what  actual  maximum  pressure  could  be  expected  when  the  value  at 
1%  is  exceeded.  Recent  firings  at  Aberdeen  Proving  Ground  afforded  an 
opportunity  to  obtain  a  rather  unusual  set  of  data  that  included  what  is 
considered  to  be  a  maximum  pressure.  A  155  mm  howitzer  fired  100  inert  rounds 
on  a  day  when  no  other  guns  were  firing.  This  allowed  one  to  associate  the 
pressure  measured  at  a  recording  station  with  a  specific  gun  at  a  specific 
location.  The  propelling  charge  and  angle  of  elevacion  of  the  howitzer  were 
such  that  the  projectiles  traveled  supersonically  from  the  muzzle  to  apogee. 
They  did  not  exceed  the  speed  of  sound  on  their  downward  trajectory.  The 
scenario  indicates  that  the  pressure  measured  was  from  muzzle  blast  and  not 
the  ballistic  wave.  Unusually  high  readings  were  obtained  at  one  monitoring 
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station  which  was  down  range  of  Che  weapon  and  39  degrees  off  of  the  line  of 
fire.  A  plot  of  sound  velocity  as  a  function  of  altitude  in  the  direction  of 
the  station  within  a  few  minutes  of  the  high  reading  is  shown  in  Figure  10a. 
The  plot  includes  the  added  velocity  due  to  the  component  of  wind  In  the 
direction  of  the  station.  Figure  10b  shows  the  relative  position  of  the 
station  and  firing  point.  The  sound  profile  plot  suggests  that  strong 
pressure  amplification  could  be  expected  in  the  direction  toward  the  recording 
station. 

The  recording  station  which  is  8.3  km  distant,  showed  a  peak  value  of 
126.7  db  (44.5  Pa)  which  is  higher  than  the  pressure  expected  from  the  IX 
exceedance  at  that  distance  (see  Figure  8).  This  value  Is  plotted  in  Figure 
11  and  a  line  was  drawn  through  the  point  with  the  same  slope  as  the  IX  value. 

It  represents  the  maximum  expected  value  for  muscle  blast  from  the  155  mm 
howitzer.  It  is  used  as  the  upper  limit,  or  rare  event.  An  upper  limit  curve 
for  the  8"  howitzer  was  scaled  from  the, 155  on  data  point.  Measurements  at  0 
degrees  from  the  angle  of  fire  may  show  a  somewhat  higher  reading  but  that 
geometry  as  not  considered  to  be  a  typical  proving  ground  configuration. 
Residential  structures  in  the  line  of  fire  would  not  be  close  enough  to 
sustain  damage. 

Ballistic  Waves  From  Projectiles 

The  ballistic  wave  or  "bow"  shock  developed  when  projectiles  exceed  the 
speed  of  sound  account  for  pressures  that  are  at  times  believed  to  be  from  HE 
shell  or  muzzle  blast.  At  angles  close  to  the  line  of  fire  the  pressure  from 
the  ballistic  wave  can  be  higher  than  that  from  muzzle  blast,  but  the 
character  of  the  wave  is  different.  Bow  shock  has  a  sharp  but  short  pressure 
signal.  Muzzle  blast,  having  traveled  a  longer  time  has  undergone  more 
distortion  by  the  atmosphere.  In  most  scenarios  bow  shock  can  be  disturbing, 
but  not  a  damaging  mechanism.  An  artillery  shell,  between  launch  und  near 
apogee  will  be  supersonic  and  the  bow  shock  will  be  directed  upward.  Some 
projectiles  will  exceed  the  speed  of  sound  as  they  fall  toward  their  impact 
zone,  directing  the  blast  downward.  The  distance  between  impact  zone  and 
residential  housing  is  most  often  sufficient  to  attenuate  the  bow  shock  to  a 
non-damaging  level. 

B*  -ied  Munitions 


A  large  percentage  of  claims  received  involve  damage  from  the  detonation 
f  buried  explosives.  Explosives  that  are  buried  to  the  extent  that  no 
anting  occurs  (completely  contained)  will  produce  a  very  low  grade  "earth 
.essure  pulse"  which  is  caused  by  the  upward  motion  of  the  ground  over  the 
irge.  It  is  unlikely  that  this  pressure  pulse  will  cause  a  problem.  The 
likely  scenario  occurs  with  charges  that  vent  to  the  atmosphere  and  the  degree 
of  venting  will  he  unknown.  Demolition  activity  most  often  involves  several 
hun  ;ed  pounds  of  explosives  placed  in  pits  and  covered  with  an  unspecified 
amo_.it  of  earth.  Detonation  of  the  explosives  causes  the  earth  cover  to  lift, 
T-ading  the  blast  to  some  degree,  but  releasing  substantial  blast  with  the 
potential  to  cause  problems. 

,  In  1982  the  White  Engineering  Associates  made  airblast  and  ground  shock 
measurements  from  a  series  of  typical  DEMIL  events  at  the  MacAlester  Army 
Ammunition  Plant  in  Oklahoma.  Measurements  were  made  close  in  and  out  to  a 


598 


distance  of  17  km  in  ell  four  compass  quadrants.  They  derived  an  equation 
from  the  data  and  established  a  maximum  probable  pressure-distance 
relationship.  Figure  12  is  a  plot  of  that  relationship  for  1  kg  and  for  227 
kg  (500  lbs»),  the  amount  of  explosives  frequently  detonated  In  a  DEMIL  event. 
There  are  indications  that  all  DEMIL  operations  are  not  conducted  with  the 
same  degree  of  care.  The  most  unfavorable  condition  would  be  no  burial  at  all 
and  no  pit.  If  that  were  the  case  the  charge  weight  would  effectively  be 
doubled  and  the  relationship  in  Figure  5  would  apply. 

Blast/Structure  Interaction 


The  blast/structure  interaction  is  very  difficult  to  define  in  the  low 
pressure  region.  The  blast  from  distant  explosions  is  likely  to  be  refracted 
downward  by  the  atmosphere  to  strike  the  roof  and  walls  of  the  structure  at 
undefined  angles,  and  the  original  sharp  shock  front  has  more  than  likely  been 
degraded  to  some  form  of  a  compressional  wave.  One  must  det.1  with  a  structure 
in  a  pressure  "environment**  rather  than  attempt  to  determine  loading  on  the 
different  surfaces  of  a  structure.  Damage  will  have  to  be  inferred  from  the 
pressure  environment. 

A  structure  responding  to  the  blast  environment  deforms  in  a  complex 
manner  that  depends  on  many  factors  that  will  not  be  available  to  the  claim 
reviewer.  Experiments  by  Siskind  et  al.  [5],  showed  that  the  measured 
frequencies  of  residential  structures  and  their  midwalls  were  between  4  and 
11,  and  11  and  26  Hz  respectively*  Small  explosive  yields  will  have  greater 
effect  on  midwalls  then  on  the  more  massive  structural  sections.  The  midvall 
response  is  responsible  for  pictures  being  knocked  from  walls  and  knickknacks 
toppling  from  shelves.  Siskind  relates  peak  overpressure  to  midwall  velocity 
and  shows  that  at  very  weak  pressures,  <69  Pa  (.01  psi) ,  midwall  velocities 
can  exceed  51  mm/s  (2  in/a).  This  can  produce  an  acceleration  of  .5  g's  which 
is  sufficient  to  cause  noticeable  rattling.  Precariously  placed  items  could 
be  knocked  from  shelves  at  this  *'gM  level. 

Airblast  Damage  Criteria 

The  low  pressure  region  in  which  residential  homes  may  experience  light 
damage  has  not  been  of  interest  to  the  military,  hence  there  is  virtually  no 
military  data  vase  from  which  to  draw.  However,  in  the  early  1960's,  the  FAA 
was  interested  in  the  effects  of  a  "sonic  boom,"  which  would  be  generated  by 
the  proposed  flying  of  a  supersonic  transport  (SST)  across  the  country.  The 
sonic  boom  pressure  pulse  is  a  low  magnitude  pulse  with  a  duration  of  tens  of 
milliseconds  and,  in  that  respect,  it  is  not  unlike  the  blast  problems  of 
interest  here.  In  those  experiments,  residential  homes  were  instrumented  with 
transducers  for  the  measurement  of  structural  response  to  the  pressure  field 
imposed  by  a  number  of  aircraft  flying  at  supersonic  speeds.  The 
FAA-sponsored  experiments  concluded  that  it  was  improbable  that  a  144.7  Pa 
(.021  psi,  or  137  db)  pressure  pulse  would  cause  even  slight  damage  to  a 
residential  type  structure  [6].  The  reference,  authored  by  Wiggins, 
summarizes  much  of  the  FAA-sponsored  work  and  contains  a  chart  showing  minor 
and  major  damage  that  could  be  expected  at  various  pressure  levels.  Table  1 
is  a  reproduction  of  that  chart  with  the  pressure  values  converted  from  psf  to 
Pa.  While  the  FAA  experiments  included  aircraft  of  various  weights  flown  at 
different  Mach  numbers  to  vary  tne  duration  of  the  pressure  pulse,  the 
conclusion  by  Wiggins  does  not  associate  the  damage  level  with  the  duration  of 
the  pressure  wave. 
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In  1980,  Siskind  et  al.  [7]  conducted  experiments  to  determine  the 
response  of  structure  to  ground  vibration  end  eirblest  from  surface  m.uing. 
They  link  damage  to  residential  homes  to  the  type  of  home  and  the  frequency 
content  of  the  blast  wave*  With  due  consideration  given  to  structural 
response  and  frequency  content  of  the  blast  wave*  he  suggests  that  at  a  scaled 

1/3 

distance  equal  to  *32  km/kg  *  there  should  be  no  damage,  if  no  consideration 
is  given  to  amplification  by  atmospheric  conditions.  This  equates  to  187  Pa 
(.027  psi)  which  is  consistent  with  the  results  of  the  "sonic  boom"  study* 

The  damage  threshold  criteria  currently  used  in  claim  evaluations  is  138 
Pa  (.02  psi).  This  value  is  20  Pa  less  than  the  minimum  value  shown  In  Table 
1.  The  lower  value  is  an  adjustment  to  account  for  structures  that  are 
subjected  to  repeated  blasts  and  for  those  with  sub-standard  design  or 
construction. 

Typical  Damage  Claims 

Most  claim  files  will  state  that  explosions  caused  some  type  of  light 
damage  such  as  broken  windows,  cracked  plaster  or  knlckknacks  broken  when 
knocked  from  shelves.  This  type  of  damage  is  wh,:t  one  would  expect  from  low 
pressure  blast.  Many  claims,  however,  will  seek  payment  for  concrete  sl^bs 
and  nasonry  basement  walls.  Often  the  claimant  hears  the  blast,  hears  a 
picture  or  knickknack  fall  and  then  looks  for  further  damage.  He  then  finds 
cracks  in  masonry  and  thinks  the  blast  caused  that  as  well. 

Claims  of  damage  are  frequently  received  from  owners  of  mobile  homes. 

Often  these  homes  are  made  senl-permanent  by  supporting  them  with  concrete  or 
cinder  blocks.  These  are  inadequate  supports  in  many  cases  because  too  few 
are  tsed,  placing  excessive  or  uneven  loads  on  them.  In  time,  uneven 
settlement  causes  stresses  to  build  to  the  point  that  paint  may  Jlick  or  even 
a  window  may  crack.  A  low  level  blast  may  well  trigger  damage  if  the 
structure  is  already  In  a  high  state  of  stress. 

This  prestressing  of  a  structure  is  not  unique  to  mobile  homes.  Files 
will  show  that  homes  of  high  value  often  have  cracked  foundations  which  will 
cause  misalignment  of  the  structure  to  the  extent  that  doors  will  not  properly 
close  or  windows  become  stuck.  Photographs,  often  furnished  with  a  claim 
file,  will  at  times  show  downspouts  that  empty  directly  to  the  soil  in  close 
proximity  to  the  area  of  a  cracked  foundation.  More  than  likely  the  localized 
high  moisture  content  of  the  soil,  coupled  with  freeze  and  thaw  cycles  caused 
tne  foundation  to  crack.  It  would  be  most  unusual  for  one  to  evaluate  a  claim 
wnere  alrblast  or  ground  motion  would  be  high  enough  to  damage  a  foundation. 
Such  a  claim  would  also  show  substantial  above  ground  damage.  It  is  not 
uncommon  to  review  a  claim  where  the  government  is  blamed  for  causing  below 
grade  foundation  damage,  but  no  window  breakage  or  damage  to  objects  being 
knocked  from  shelves.  This  would  be  an  obvious  case  of  foundation  damage  that 
is  not  related  to  explosive  activity. 

Ground  Shock 


The  claim  file  will  often  state  that  damage  was  caused  by  ground  shock, 
but  rarely  will  one  encounter  a  legitimate  ground  shock  claim.  Wiggins  [6] 
describes  results  of  .sonic  boom  experiments  showing  the  ground  shock  developed 
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by  the  sonic  boon  pulse  striking  the  eerth  and  concludes  that  airblast  induced 
ground  shock  is  negligible.  An  extrapolation  of  the  referenced  data  shows 
that  137  Pa  (.02  psl)  blast  would  cause  only  .46  on  (.018  tn/a)  particle 
velocity  in  trie  earth.  Humans  can  detect  movement  at  velocities  as  low  as  .25 
on/ s  (.01  in/s)  so  they  may  sense  the  motion  but  it  is  not  the  damage 
mechanism.  The  Br.reau  of  Mines  (31  reports  that  earth  particle  velocities 
less  than  50.8  mm/s  (2  in/s)  will  not  cause  damage.  For  the  types  of 
explosions  of  interest  here,  those  not  completely  confined,  airblast  effect 
will  override  the  ground  shock  effects  unless  the  charge  is  heavily  confined 
and  close  to  the  structure. 

Summary 


Figure  13  is  a  plot  showing  the  distance  at  which  damage  could  be  expected 
from  typical  ordnance  activities  on  a  day  when  meteorological  effects  would 
provide  a  maximum  increase  in  pressure.  Such  days  are  rare,  but  possible. 

The  plot  for  the  155  mm  muscle  blast  is  the  maximum  muscle  blast  plot  shown  on 
Figure  11.  The  8"  muscle  blast  plot  is  scaled  from  that.  Muscle  blast  from 
the  8*  howitser  could  shske  items  from  shelves  in  houses  that  are  7  km 
distant.  The  blast  from  s  155  mm  HR  round  could  do  the  same  at  the  same 
distance.  Structures  more  distant  than  5  ko  from  gun  firings,  impact  areas, 
or  properly  executed  DEMII.  events  would  not  expect  structural  damage.  It 
should  be  noted  that  normal  testing  events,  following  established  procedures 
will  rarely  cause  structural  damage  to  distant  structures  and  that  firings  can 
continue  without  incidence  on  days  when  meteorological  conditions  do  not 
_  enhance  pressure . 

_ 

^  This  paper  recommends  *!afe  from  domage*distances  for  typical  military 
blast-producing  events j.  Your  criticism  of  these  distances  and  your 
recommendations  for  inpifcved  damage  criteria  is  invited.  The  Army  wants  to  be 
fair  to  its  neighbors  ana  it  wants  just  and  defensible  criteria. 
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Tabic  1.  Kaxiaua  Safa  Predicted  Peak  Overpraasures  for 
Repraaentatlve  Building  Materials  and  Brlc-a-Brac  Other  than  Glass 

WHITE  SANDS 

MATERIAL  MINOR  MAJOR 


INTERIOR  WALLS  AND  CEILINGS 


PLASTER  ON  WOOD  LATH  . 

PLASTER  ON  GYPLATH  . 

PLASTER  ON  EXPANDED  METAL  LATH 
PLASTER  ON  CONCRETE  BLOCK  .  . 

GYPSUM  BOARD  (NEW)  . 

GYPSUM  BOARD  (OLD)  . 

NAIL  POPPING  (NEW)  . 

BATHROOM  TILE  (OLD)  . 

DAMAGED  SUSPENDED  CEILING  (NEW) 
STUCCO  (NEW)  . 


pa 

P* 

158 

620 

358 

765 

765 

765 

765 

765 

765 

765 

213 

765 

255 

765 

213 

406 

186 

765 

234 

765 

BRIC-A-BRAC 

EXTREMELY  PRECARIOUSLY  PLACED  OR  UNSTABLE  ITEMS  .  N/A  144 

NORMALLY  STABLE  OR  PLACED  ITEMS .  N/A  26 1 


MISCELLANEOUS 


BRICK  CRACKED .  896  N/A 

GLASS  DOOR  LOOSENED .  896  N/A 

TWISTED  MULLIONS .  4?  7  N/A 

POPPED  MOLDING  .  . .  896  N/A 
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STATIC  CHARGE  FIRINGS  -  ABOVE  GROUND  FO*;  RESEARCH  AND  DEMONSTRATION 

DEMIL  ~  OLD  EXPLOSIVES  IN  A  PIT  AND  COVERED  WITH  EARTH  ' 

DEMOLITION  -  DESTRUCTION  OF  TOWERS,  BRIDGE  SUPPORTS,  ETC.  (OFF  RESERVATION) 

TANK  GUNS  -  105  MM  AND  120  MM  GUNS  (MUZZLE  BLAST,  HE  AND  BALLISTIC  SHOCK) 

ARTILLERY  -  105  MM,  155  MM  AND  8  IN.  HOWITZERS  (MUZZLE  BLAST,  HE  AND  tt : -LISTIC 
SHOCK  WITH  SELECTED  SCENARIOS) 


FIGURE  1.  MILITARY  ACTIVITIES  PRODUCING  BLAST  WAVES 
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OBJECTS  FALLING  FROM  SHELVES 

MIRRORS  AND  PICTURES  FALLING  FROM  WALLS 

PAINT  FLAKING 

NAIL  POPPING 

DAMAGED  SEALS  IN  THERMOPANE  DOORS/WINDOWS 

BATHROOM  TILE 

WINDOWS 

BRICKWORK 

FOUNDATIONS  AND  FOOTINGS 

STRUCTURE  MISALIGNMENT 

PATIO/WALKS/SLABS 

SWIMMING  POOLS 

WELLS 


FIGURE  3.  SPECTRUM  OF  DAMAGE  CLAIMS 


606 


FIGURE  A.  FREQUENT  UNKNOWNS  IN  BLAST  SCENARIOS 
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Figure  5.  Explosion  Pressure  vs.  Distance 
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Figure  6.  120  mm  Tank  Gun  Muzzle  Blast.  Pressure  vs.  Distance  in  Front 

of  Gun 
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Figure  7.  120  mm  Tank  Gun,  Pressure  vs.  Distance.  1%  Exceedance  at 

45  ,  90°,  and  180° 
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Figure  8.  155  mm  Tank  Gun,  Pressure  vs.  Distance.  1%  Exceedance  at 

45°,  90°,  and  180° 
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Figure  9.  8"  Howitzer,  Pressure  vs.  Distance.  IX  Exceedance  at  o' 

45°,  90°,  and  180° 
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Figure  10.  Sound  Velocity  Profile  and  Range  Geonetry 
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Figure  13*  Critical  Distance  for  Typical  Ordnance  Activities— —Worst 
Case  Meteorology 
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BUST  ANALYSIS  AND  PRELIMINARY  DESIGN  OP  CONTROL  ROOMS 
FOR  THE  ROCKET  ENOINE  TEST  FACILITY  AT  NASA  LEWIS  RESEARCH  CENTER 


Richard  C.  Dove  and  Su  A.  <iger 
U.S.  A  ray  Engineer  Waterways  Experiment  Station 
Vicksburg,  Missisaippl 


ABSTRACT: 


1  ******* 


In  support  of  plans  to  add  a  seoond  oontrol  room  to  the  Rocket  Engine  Test 
Facility  at  NASA  Levis  Research  Center,  Cleveland,  OH,  the  existing  oontrol 
room  was  analysed  to  determine  the  most  severe  aooldental  explosion  it  could 
safely  withstand.  This  potential  aaoident  was  used  as  the  design  threat  to 
develop  a  preliminary  design  for  the  new  oontrol  room^  The  analysis  and 
design  oaloulations  were  based  on  procedures  from  the  Army  Technical  Manual  TM 
5-1 300/NAVFAC  P-397 /AFM  88-22,  "Structures  to. Resist  the  Effects  of  Accidental 
Explosions,"  and  the  computer  j^ogram  C8ARCS,  whioh  automates  some  of  the 
procedures  in  the  manual.  ^To  evaluate  the  degree  of  conservatism  in  the 
analysis,  experimental  data  with  charge  weights  and  structural  dimensions 
similar  to  the  control  room's  were  selected  and  analyzed.  Results  indicate 
that  the  existing  room  will  safely  withstand  an  explosion  equivalent  to 
1,000  lb  of  TNT  detonated  at  the  rocket  test  stand  20  ft  away.  To  survive  the 
same  accident,  the  new  control  room  (to  be  constructed  on  top  of  the  old  one) 
should  have  1-ft-thick  walls  (existing  walls  are  2  ft  thick)  with  0.33-percent 
reinforcement  (existing  walls  have  1.55  percent).  Comparison  of  data  with 
analysis  indicates  that  an  accidental  explosion  equivalent  to  approximately 
1,300  lb  of  TNT  will  cause  unacceptable  damage  to  tne  control  room.  This 
analysis  results  In  a  much  more  economical  design  for  the  new  control  room 
than  would  have  been  achieved  by  constructing  a  new  room  Identical  to  the  old 
control  room.  Also,  comparing  results  of  this  analysis  procedure  with  data 
provided  a  good  estimate  of  safe  operating  criteria  and  the  maximum  capacity 
for  the  control  rooms. 
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INTRODUCTION : 


In  June  1935,  the  NASA  Lewis  Research  Center  began  preliminary  engineering 
design  work  on  the  expansion  of  their  Rocket  Engine  Test  Faoility.  One  option 
for  tnis  expansion  is  the  construction  o'  an  additional  control  room  on  top  of 
the  existing  control  room.  Because  of  the  proxiaity  of  the  oontrol  rooms  to 
potentially  high-explosive  materials,  it  was  decided  that  the  existing  control 
roan  should  be  analyzed  to  determine  its  blest  resistance*  It  wes  also 
decided  that  the  proposed  additional  room  be  designed  with  a  compatible  blast 
resistance.  NASA  requested  that  the  USAE  Waterways  Experiment  Station  (WES) 
support  this  effort  by  providing  a  blast  response  analysis  of  the  existing 
oontrol  room  and  preliminary  design  recommendations  for  the  proposed 
additional  control  room. 

SCOPE: 

An  analysis  of  the  existing  control  room  was  accomplished  using  the 
"Computer  Program  for  Optimum  Non' inear  Dynamic  Design  of  Reinforced  Concrete 
Slabs  under  Blast  Loading"  (CBARCS).  This  oode  was  developed  under  the 
sponsorship  of  the  Office,  Chief  of  Engineers  (OCE) ,  US  Army,  as  a  part  of  the 
Computer-Aided  Structural  Engineering  (CASE)  Projeot,  and  is  available  at  the 
National  Technical  Information  Service,  Springfield,  VA  (Reference  1).  Only 
the  wall  directly  facing  the  potential  explosion  position  was  analyzed,  and 
si.ee  the  penetrations  in  this  wall  were  less  than  5  percent  of  the  wall  area, 
they  were  ignored.  Enhancement  of  the  reflected  blast  loading  due  to  the 
floor  and  wa.ls  of  the  test  chamber  adjacent  to  the  oontrol  room  was  inoluded 
in  the  analysis.  The  analysis  determined  the  response  of  the  wall  under 
various  amour La  of  high  explosive  (HE)  (TNT  equivalent). 

To  evaluate  the  safety  of  the  existing  control  room,  data  from  recent 
experimental  concrete  slabs  loaded  by  explosives  under  conditions  similar  to 
the  existing  and  proposed  control-room  walls  were  examined.  Thece  data  formed 
a  basis  for  judgment  as  to  the  conservatism  of  the  analysis  procedures  used 

The  design  of  the  additional  control  room  was  also  accomplished  using  the 
CBARCS  program.  Again,  the  wall  facing  the  potential  explosion  position  was 
considered  the  critical  structural  element.  The  CBARCS  program  optimization 
feature  was  used  to  iterate  to  a  concrete  thickness  and  a  steel  percentage 
which  resulted  in  the  most  cost-effective  structure.  The  explosion  position 
was  simplified  by  making  the  "conservative  assumption  that  the  explosion  took 
place  at  the  elevation  of  the  wall. 
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ANALYSIS  OF  EXISTING  CONTROL  ROOM: 


The  existing  control -room  wall  was  analyzed  using  the  C3ARCS  program. 

This  program  uses  yield  line  theory  to  analyze  concrete  3labs  under  high- 
explosive  blast  loads.  The  structure  is  idealized  as  a  single-degree-of- 
freedom  modal.  The  program  is  consistent  with  the  Amy  Technical  Manual 
TM  5-1300,  "Structures  to  Resist  the  Effects  of  Accidental  Explosions" 
(Reference  2)  and  allows  for  the  consideration  of  various  slab  edge 
conditions,  penetrations,  explosive  types,  explosive  confinement,  and 
reflection  loading.  It  should  be  noted  that  this  program  is  to  be  used  for 
preliminary  design  and  analysis  only.  Final  design  and  analysis,  including 
reinforcing  details,  should  be  in  accordance  with  TM  5-1300. 

Figure  1  shows  the  wall  configuration  and  explosion  position  input  into 
the  CBARCS  program  for  the  existing  control-room  wall.  The  program  output  is 
shown  in  Appendix  A.  Results  from  different  explosive  weights  indicate  that  a 
small  increase  in  charge  weight  can  result  in  a  disproportionately  greater 
increase  in  the  corresponding  wall  deflection.  Figure  2  shows  this 
relationship  and  shows  the  charge  weight  which  corresponds  to  various  degrees 
of  structural  damage,  i.e.,  in.  of  deflection. 

TM  5-1300  indicates  that  a  concrete  slab  without  laced  reinforcing  is 
considered  to  fail  at  a  2-degree  support  rotation  to  avoid  buckling  of 
compressive  steel.  According  to  the  CBARCS  program,  this  amount  of  rotation 
takes  place  under  an  explosive  load  of  900  lb  of  TNT  and  is  equivalent  to 
0.70-in.  deflection.  However,  TM  5-1300  also  states  in  Chapter  6, 

Section  6-2,  that  a  category-1  protection  wall  for  personnel  protection  is 
allowed  a  support  rotation  of  5  degrees  for  laced  reinforcement.  Past 
experience  at  WES  has  shown  that  a  concrete  slab  reinforced  with  conventional 
shear  stirrups  can  sustain  a  support  rotation  of  at  least  5  degrees  without 
failure.  This  does  not  prove  that  the  control-room  wall  in  question  could 
rotate  5  degrees  without  failure,  but  it  does  point  out  the  relative 
conservatism  of  the  2-degree  rotation  criteria. 
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COMPARISON  OF  ANALYSIS  WITH  EXPERIMENTAL  DATA 


The  safety  of  the  CBARCS  analysis  of  the  existing  control-room  wall  oan  be 
evaluated  by  using  data  from  a  recent  series  of  experiments  conducted  by 
Mr,  Mark  McVay  at  WES.  The  purpose  of  these  tests  was  to  evaluate  different 
antispalling  schemes  for  a  concrete  wall  loaded  by  a  cased  TNT  charge.  Two  of 
the  experiments  closely  simulate  the  conditions  of  the  existing  control-room 
wall. 

The  first  experiment  was  conducted  at  a  scale  of  1/2.8  of  the  control-room 
wall.  This  scales  up  to  a  24-in. -thick  wall  loaded  by  a  cased  charge  of 
444  lb  of  TNT  at  a  range  of  14.12  ft  (Figure  3).  The  flexural  steel  ratio  was 
0.25  percent  with  a  steel  strength  of  60,000  psi  and  a  concrete  strength  of 
5,200  psi.  Shear  resistance  was  provided  by  0.152  in.  per  linear  ft  of 
60,000-psi  shear  steel.  This  is  comparable  to  the  control-room  wall  with  a 
thickness  of  24  in.  and  a  steel  ratio  of  1.55  (considerably  more  than  the  0.25 
ratio  in  the  test  slab)  with  a  steel  strength  of  40,000  psi  and  a  concrete 
strength  of  3.000  psi.  Shear  steel  consisted  of  0.40  sq  in.  per  linear  ft, 
40,000-psi  3teel  for  the  control  room.  To  judge  the  conservatism  of  the 
CBARCS  program,  the  program  was  used  to  analyze  the  experimental  wall 
(Appendix  B).  This  analysis  will  be  directly  compared  to  the  experimental 
results. 

The  pressure  history  as  measured  at  the  bottom  of  the  experimental  wall  is 
shown  in  Figure  4.  The  total  effective  impulse  calculated  by  CBARCS  was 
792.64  psi-msec,  while  the  scaled  impulse  from  the  experimental  wall,  measured 
at  the  position  closest  to  the  explosion,  was  1,288  psi-msec.  Because  the 
control-room  wall  has  a  natural  period  of  30.4  msec,  the  wall  is  impulse 
sensitive;  therefore,  the  loading  by  CBARCS  is  comparable  to  that  of  the 
experiment.  It  should  be  noted  that  the  CBARCS  program  applies  a  uniform 
loading  function  over  the  entire  surface  of  the  wall.  In  the  experimental 
case,  the  pressure  was  seen  to  attenuate  substantially  at  increasing  distances 
away  from  the  source  of  the  explosion.  This  indicates  that  CBARCS  makes  a 
conservative  estimate  of  the  loading  function.  The  CBARCS  structural  response 
calculations  are  also  shown  to  be  conservative  when  the  program  predicts  that 
the  experimental  wall  should  fail  in  flexure,  with  a  support  rotation  of 
2.3  degrees.  The  data  from  the  experiment  shows  that  there  was  essentially  no 
damage  to  the  wall  (Figure  5). 
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The  second  experiment  was  conducted  at  a  scale  of  1/4.47  of  the  control- 
room  wall.  This  scales  up  to  a  24-in. -thick  wall  loaded  by  a  charge  of 
1,75b  lb  of  TNT  at  a  "ange  of  22.32  ft  (Figure  6).  The  flexural  steel  ratio 
was  0.25  percent  with  a  steel  strength  of  60,000  psi  and  a  concrete  strength 
of  4,000  psi.  Shear  steel  consisted  of  0.24  sq  in.  per  linear  ft,  60,000-psi 
steel.  The  CBAFCS  program  was  again  used  to  analyze  the  experimental  wall. 
This  analysis  showed  that  the  wall  collapsed  with  a  support  rotation  of 
12  degrees  (Appendix  C).  The  results  of  the  experimental  test  were  moderate 
damage  and  flexural  response  corresponding  to  approximately  a  1.2-degree 
support  rotation  (Figure  7). 

The  final  conclusion  as  to  the  capacity  of  the  existing  control-room  wall 
is  based  on  the  CBARCS  analysis  and  experimental  data.  The  CBARCS  program 
Indicates  that  the  control-room  wall  will  withstand  900  lb  of  TNT  before  it 
will  fail  in  flexure.  However,  when  shear  is  checked  as  per  TM  5-1300,  the 
shear  steel  required  is  greater  than  that  which  exists  in  the  wall.  The 
experimental  data  indicate  otherwise.  In  both  experiments,  the  shear  steel 
present  was  less  than  that  in  the  control-room  wall,  yet  diagonal  shear 
failure  did  not  occur.  This  supports  a  perception  widely  held  by  WES 
experimenters  that  the  problem  of  shear  failure  is  overestimated  in  TM  5-1300 
and  other  similar  blast-design  manuals.  Also,  a  comparison  of  the  flexural 
response  predicted  by  CBARCS  for  the  experimental  walls  and  the  actual 
response  of  these  walls  shows  the  extreme  conservatism  present  in  the  CBARCS 
program  (Figure  8).  Therefore,  it  is  recommended  that  based  on  the 
experimental  data  the  capacity  of  the  existing  control-room  wall  be  considered 
to  be  1,000  lb  of  TNT. 

DESIGN  OF  ADDITIONAL  CONTROL  ROOM : 

The  design  of  the  additional  control  room  was  simplified  by  considering 
only  the  wall  facing  the  potential  explosive  (Figure  9).  This  wall  was 
designed  using  the  CBARCS  program  and  TM  5-1300.  Tne  structural  optimization 
feature  of  the  CBARCS  program  was  used  to  develop  the  least-cost  wall  to 
resist  the  given  load.  A  detailed  explanation  of  the  optimization  feature  can 
be  found  in  the  CBARCS  User's  Guide  (Reference  1).  Briefly,  the  program  takes 
an  assumed  cost  for  steel  and  concrete;  sets  up  a  cost  function;  and  with  an 

assumed  starting  point,  increments  the  design  variables  until  a  minimum  cost 

* 

is  obtained. 
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The  CBARCS  program’s  Input  and  output  oan  be  seen  in  Appendix  D.  A 
concrete  strength  of  4,000  psi  and  a  steel  strength  of  60,000  psi  was  used. 

No  laced  shear  reinforcement  was  assumed;  therefore,  the  2-degree  support 
rotation  failure  criteria  was  used.  In  the  first  computer  run,  1,000  3b  of 
TNT  was  assumed  to  explode  at  the  elevation  of  the  wall  with  no  floor  or  wall 
reflections.  The  wall  was  assumed  to  be  fixed  at  all  supports.  This  resulted 
in  the  computer  iterating  down  to  the  minimum  wall  thickness  of  12  in.  and  the 
minimum  steel  ratio  allowed  by  the  program  and  recommended  by  TM  5-1300. 

With  these  results,  it  was  decided  that  a  more  economical  design  may  be 
possible.  The  preliminary  design  of  the  proposed  control  room  assumed  that 
the  wall  facing  the  explosion  hazard  was  tied  into  a  floor  slab  to  be 
constructed  on  top  of  the  existing  control  room.  Thi3  would  mean  that  the 
roof  of  the  existing  control  room  and  the  new  slab  would  have  a  combined 
thickness  of  3  ft  of  concrete.  This  is  grossly  overdesigned.  If  the  existing 
roof  could  be  used  as  the  proposed  floor,  a  cost  savings  would  result.  There 
is,  however,  no  economical  way  to  make  a  moment-transferring  connection 
between  the  proposed  wall  and  the  existing  control  room.  This  means  that  the 
bottom  of  the  proposed  wall  must  be  treated  as  a  pinned  connection  or  as  a 
free  edge,  if  we  are  going  to  do  away  with  the  floor  slab. 

The  CBARCS  design  program  was  rerun,  assuming  that  the  bottom  was  a  free 
edge  (Appendix  E).  Again,  the  concrete  strength  was  4,000  psi,  and  a  steel 
strength  of  60,000  psi  was  used.  This  resulted  in  a  design  which  required  a 
12-in. -thick  wall  with  a  vertical  and  horizontal  flexural  steel  requirement  of 
0.33  percent  on  both  sides.  These  are  nearly  the  same  requirements  as  for  the 
fixed-edge  case  above.  In  the  actual  design,  it  is  recommended  that  shear 
studs  be  provided  to  connect  the  proposed  wall  to  the  existing  control  room, 
providing  a  pinned  connection  at  that  point.  These  shear  studs  must  be  able 
to  resist  a  shear  of  13,100  lb  per  linear  ft  as  per  the  shear  present  at  the 
bottom  support  in  the  fixed-edge  computer  run.  Shear  stud  requirements  are 
dependent  upon  the  stud  layout  and  geometry  chosen  by  the  designers.  However, 
examination  of  the  literature  shows  that  a  reasonable  shear  stud  design  is 
possible  for  this  loading.  Diagonal  shear  reinforcement  in  the  wall  slab  must 
be  provided  at  0.22  sq  in.  per  linear  ft  in  both  directions,  with  a  minimum 
spacing  of  12  in.  In  this  way,  a  safe  design  can  be  assured  even  though  the 
actual  pinned  condition  falls  somewhere  between  the  fixed-  and  free-edge 
conditions  which  were  directly  analyzed. 
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CONCLUSION: 


The  analysis  of  the  existing  control-room  wall  using  the  CBARCS  program 
and  TM  5-1300  resulted  in  a  safe  design  load  of  900  lb  of  TNT  equivalent  at  a 
range  of  20  ft.  This  is  a  conservative  estimate  due  to  the  2-degree  support 
rotation  requirement  for  unlaced  concrete  slabs  and  the  conservatism  of  the 
CBARCS  program.  This  conservatism  is  exemplified  by  a  recent  experiment  where 
reinforced  concrete  walls  under  roughly  comparable  conditions  showed  no  damage 
after  testing.  Also,  reinforced  concrete  walls  tested  under  much  more  severe 
conditions  exhibited  moderate  damage  and  indicated  a  maximum  allowable  amount 
of  explosive  corresponding  to  about  1,800  lb  of  TNT  at  a  range  of  20  ft.  The 
experiments  in  question  did  not  model  the  enhancement  of  the  blast  loading  due 
to  reflection  from  adjacent  walls;  however,  the  moderate  damage  which  resulted 
allows  us  to  recommend  that  a  load  of  1,000  lb  of  TNT  should  be  considered  the 
capacity  of  the  existing  control-room  wall. 

Design  calculations  for  the  proposed  additional  control  room  using 
1,000  lb  of  TNT  equivalent  indicated  a  required  wall  thickness  of  12  in.  with 
a  flexural  requirement  of  0.33-percent  steel  vertically  and  horizontally  on 
each  side.  The  concrete  strength  was  4,000  psi,  and  the  steel  yield  strength 
was  60,000  psi  with  3  in.  of  cover  concrete.  Shear  stirrups  are  required  at 
0.22  sq  in.  per  linear  ft  with  a  minimum  spacing  of  12  in.  Shear  studs  are 
required  to  tie  the  proposed  control  room  into  the  existing  concrete.  The 
studs  must  resist  a  shear  force  of  13.100  lb  per  linear  ft. 
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Figure  1.  Wall  and  explosive  position  input  into  CBARCS  for  existing  control- 
room  wall. 


Figure  2.  Charge  weight  versus  CBARCS  calculated  deflection  for  existing 
control  room. 
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Figure  3*  Layout  of  Experiment  1  scaled  up  for  comparison  with  existing 
control  room  wall. 


Figure  4.  Pressure  history  for  Experiment  1. 
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Figure  5.  Poatteat  damage  to  inside  of  teat  wall,  Experiment  1. 
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Layout  of  Experiment  2  scaled  up  for  comparison  with  existing 
ccntrol-room  wall. 


Figure  7.  Postteat  damage  to  inside  of  test  wall,  Experiment  2 
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Figure  8.  Comparison  of  CBARCS  calculated  deflection  to  experimental  data. 
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Wall  and  explosive  position  input  into  CBARCS  for  proposed  control- 
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INTRODUCTION 


^Historical  records  of  explosion  effects  demonstrate  that  blest' 
propelled  glass  fragments  froo  failed  windows  are  often  a  major  cause  of 
it  Juries  fro*  explosions.  Also,  failed  window  glaxiog  often  leads  to 
additional  injuries  as  blast  pressure  can  enter  interior  building  spaces 
and  subject  personnel  to  high  pressure  jutting,  incident  overpressure, 
secondary  debris  inpact  and  thrown  body  impact .  These  risks  are  height¬ 
ened  iu  modern  facilities,  which  often  have  large  areas  of  glass. 

Guidelines  are  presented  for  the  design,  evaluation,  and  certifica¬ 
tion  »f  fixed  or  non-openable  windows  to  survive  safely  a  prescribed 
blast  environment  described  by  a  triangular-shaped  pressure-time  curve. 
Window  designs  using  monolithic  (unlaninated)  thermally  tempered  glass 
based  on  the-je  guidelines  can  be  expected  to  provide  a  probability  of 
failure  equivalent  to  that  provided  by  current  safety  standards  for 
afely  resisting  wind  lo'^s. 

The  guidelines  are  presebtel  in  the  form  of  load  criteria  for  the 
design  of  both  the  glass  panes  and  framing  system  for  the  window.  The 
criteria  account  for  both  bending  and  membrane  stresses  and  their  effect 
on  maximum  principal  stresaea  and  the  nonlinear  behavior  of  glass  panes. 
The  criteria  cover  a  broad  range  of  design  parameters  for  rectangular- 
shaped  glass  panes.  Design  charts  are  presented  for  monolithic  thermally 
tempered  glazing  with  blast  overpressure  capacity  up  to  100  psi,  an 
aspect  ratio  1.00  2  a/b  2  4.00,  pane  area  1.0  2  ab  2  25  ft2,  and  nominal 
glass  thickness  1/4  2  t  2  3/4  inches.  An  alternate  method  for  blast 
capacity  evaluation  by  calculation  ia  also  presented.  This  can  be  used 
to  evaluate  blast  capacity  of  glass  when  interpolation  between  charts  is 
(inadvisable,  when  design  parameters  are  outside  the  limits  of  the  chart 
values,  and  to  calculate  rebound  loads.  Presently,  the  design  criteria 
are  for  blast-resistant  windows  with  thermally  treated,  monolithic 
tempered  glass.  Further  r-search  ia  required  to  extend  these  design 
criteria  to  laminated  tempered  glass. 
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BACKGROUND 


The  design  criteria  cover  monolithic  thermally  tempered  glass 
meeting  the  requirements  of  Federal  Specifications  DD-G-1403B  and 
DD-G-451d.  Additionally,  thermally  tempered  glass  is  required  to  meet 
the  minimum  fragment  weight  requirements  of  ANSI  Z97. 1-1984, 

Section  5 . 1.3(2) .  j 

Annealed  glass  is  the  most  common  form  of  glass  available  today. 

Depending  upon  manufacturing  techniques,  it  is  also  known  as  plate, 
float  or  sheet  glass.  During  manufacture,  it  is  cooled  slowly.  The  j 

process  results  in  very  little,  if  any,  residual  compressive  surface  j 

stress.  Consequently,  annealed  glass  is  of  relatively  low  strength  when 
compared  to  tempered  glass.  Furthermore,  it  has  large  variations  in 

strength  and  fractures  into  dagger*- shaped,  razor-sharp  fragments.  For  j 

1 

these  reasons,  annealed  glass  is  not  recommended  for  use  in  blast-resis- 

tant  windows .  i 

i 

Thermally  tempered  glass  is  the  most  readily  available  tempered  \ 

-glass  on  the  market.  It  is  manufactured  from  annealed  glass  by  heating  j 
to  a  high  uniform  temperature  and  then  applying  controlled,  rapid  cooling.  j 
As  the  internal  temperature  profile  relaxes  towards  uniformity,  internal  j 

stresses  are  created.  The  outer  layers,  which  cool  and  contract  first,  ] 

1 

are  set  in  compression,  while  internal  layers  are  set  in  tension.  As  it 
is  rare  for  flaws,  'which  act  as  stress  magnifiers,  to  exist  in  the  j 

interior  of  tempered  glass  sheets,  the  internal  tensile  stress  is  of  j 

relatively  minimal  consequence.  As  failure  originates  from  tensile 
stresses  exciting  surface  flaws  in  the  glass,  precompression  permits  a 
larger  load  to  be  carried  before  the  net  tensile  strength  of  the  tem¬ 
pered  glass  pane  is  exceeded.  Thermally  tempered  glass  is  typically 
four  to  five  times  stronger  than  annealed  glass. 

The  fracture  characteristics  of  tempered  glass  are  superior  to 
those  of  annealed  glass.  Due  to  the  high  strain  energy  stored  by  the  j 

prestress,  tempered  glass  will  eventually  fracture  into  small  cube-shaped  j 

fragments  instead  of  the  razor-sharp,  dagger-shaped  fragments  associated  j 

annealed  glass.  Breakage,  patterns  of  side  and  rear  windows  in  American  l 

automobiles  are  a  good  example  of  the  failure  mode  of  thermally  or 
heat-treated  tempered  glass. 
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Seaj -tempered  glass  is  often  marketed  as  safety  or  heat-treated 
glass.  However,  it  exhibits  oeither  the  dicing  characteristic  upon 
breakage  nor  the  higher  tensile  strength  associated  with  fully  tempered 
glass.  Semi-tempered  glass  is  not  recommended  for  blast-resistant 
windows . 

Another  common  glazing  material  *s  wire-reinforced  glass,  annealed 
glass  with  an  embedded  layer  of  wire  mesh.  Its  only  use  is  as  a  fire- 
resistant  barrier.  Wire  glass  has  the  fracture  and  low  strength  charac¬ 
teristics  of  annealed  glass  and,  although  the  wire  binds  fragments  ,  it 
contributes  metal  fragments  as  an  additional  hazard.  Wire  glass  is 
never  recommended  for  blast-resistant  windows. 


DESIGN  CRITERIA  FOR  GLAZING 
Specified  Glazing 

The  design  of  blast-resistant  windows  is  currently  restricted  to 
heat-treated,  fully-tempered  glass  in  fixed  or  non-openable  frames 
meeting  both  Federal  Specification  DD-G-1403B  and  ANSI  Z97. 1-1984. 
Tempered  glass  meeting  only  DD-G-1403B  may  possess  a  surface  precompres¬ 
sion  of  only  10,000  psi.  At  this  level  of  precompression,  the  fracture 
pattern  is  similar  to  annealed  and  semi-tempered  glass.  Tempered  glass 
meeting  the  minimum  fragment  specifications  of  ANSI  Z97. 1-1984  (Section 
5. 1.3(2))  has  a  higher  surface  precompression  level  and  tensile  strength 
which  improves  the  capacity  of  blast-resistant  windows.  Additionally, 
failure  results  in  smaller,  cubical-shaped  fragments. 

Although  thermally  tempered  glass  exhibits  the  safest  failure  mode 
of  an;*  glass,  failure  under  blast  loading  still  presents  a  significant 
health  hazard.  Results  from  blast  tests  reveal  that  upon  fracture, 
tempered  glass  fragments  may  be  propelled  in  cohesive  clumps  that  only 
fragment  upon  impact  into  smaller  rock-salt-shaped  fragments.  Even  if 
the  tempered  glass  breaks  up  initially  into  small  fragments,  sufficient 
blast  pressure  can  propel  the  fragments  at  a  high  enough  velocity  to 
constitute  a  severe  danger.  Because  of  the  high  likelihood  of  multiple 
edge  and  corner  impacts  by  fragments  of  tempered  glass,  biomedical 
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experts  warn  that  the  58-ft-lb  criterion  for  acceptable  fragments  should 
not  be  applied.  Because  of  these  fragment  dangers,  blast-resistant 
glazing  should  be  designed  to  survive  with  high  probability  its  design 
threat. 

Design  Stresses 

The  design  stress,  the  maximum  principal  surface  tensile  stress 
allowed  for  the  glazing,  f^,  is  set  at  16,000  psi.  This  correlates  witn 
a  probability  of  failure  equal  to  or  less  than  0.001. 

The  design  stress  for  blast-resistant  glazing  is  slightly  higher 
than  that  commonly  used  in  the  der.ign  for  1-minute  Wind  loads.  However, 
this  is  justified  on  the  basis  of  the  short  high  stress  duration  (always 
considerably  less  than  1  second)  experienced  by  the  glazing.  This 
beneficial  effect  of  less  ceramic  fatigue  has  been  confirmed  by  recent 
testing  by  the  National  Research  Council  of  Canada. 

Dynamic  Response  to  Blast  Load 

An  analytical  model  was  used  to  predict  the  blast  load  capacity  of 
monolithic  (single  sheet)  tempered  glazing.  Characteristic  parameters 
of  the  model  are  illustrated  in  Figure  1. 

The  glazing  is -a  rectangular,  fully  thermally  tempered  glass  plate 
having  a  long  dimension,  a;  a  short  dimension,  b;  a  thickness,  t;  a 
poisson  ratio,  v  =  0.22;  and  an  elastic  modulus,  E  =  10,000,000  psi. 

The  plate  is  simply  supported  along  all  four  edges,  with  no  in-plane  or 
rotational  restraints  at  the  edges  in  accordance  with  observed  window 
edge  conditions.  The  stiffness  of  the  supporting  frame  members  is 
assumed  to  be  infinite  relative  to  the  pane.  Recent  static  and  blast 
load  tests  indicate  that  the  design  allowable  frame  member  deflections 
of  l/264th  of  the  span  will  not  significantly  reduce  pane  resistance 
from  that  predicted  for  an  infinitely  stiff  frame. 

The  blast  pressure  loading  is  described  by  a  peak  triangular-shaped 
overpres3ure-time  curve  as  shown  in  Figure  lb.  The  blast  pressure  rises 
instantaneously  to  a  peak  blast  overpressure,  B,  and  then  decays  linearly 
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with  a  blast  pressure  duration,  T.  The  pressure  is  assumed  to  be  uniformly 
distributed  over  the  surface  of  the  plate  and  applied  normal  to  the 
plate. 

The  resistance  function  r(X)  (static  uniform  load,  r,  as  a  function 
of  center  deflection,  X)  for  the  plate  accounts  for  both  bending  and 
membrane  stiffness.  The  effects  of  membrane  stresses  produce  nonlinear 
stiffening  of  the  resistance  function  as  illustrated  in  Figure  lc.  The 
design  deflection,  Xy,  is  defined  as  the  center  deflection  where  the 
maximum  principal  tensile  stress  at  any  point  in  the  glass  first  reaches 
the  design  stress,  f^,  of  16,000  psi.  Typically,  as  the  deflection  of 
the  pane  exceeds  a  third  of  its  thickness,  the  points  of  maximum  stress 
will  migrate  from  the  center  of  the  pane  towards  the  corners. 

The  model  uses  a  single-degree-of-freedom  system  to  simulate  the 
dynamic  response  of  the  plate,  as  shown  in  Figure  Id.  To  be  conservative, 
no  damping  of  the  window  pane  is  assumed.  The  applied  blast  load,  B(t), 
is  shown  in  Figure  lb.  The  resistance  function,  r(X),  is  shown  in 
Figure  lc.  Given  the  design  parameters  for  the  glazing,  the  design 
stress,  fu,  and  the  blast  load  duration,  T,  the  model  calculates  the 
peak  blast  pressure,  B,  required  to  exceed  the  prescribed  probability  of 
failure  of  0.001.  The  model  also  restricts  the  center  deflection  to  no 
more  than  ten  times  the  glazing  thickness.  This  restricts  solutions  to 
the  valid  range  of  the  Von  Karmen  plate  equations  used  to  develop  the 
resistance  function. for  the  glazing  while  also  preventing  edge  disengage* 
raent  of  the  glass  lite. 

Design  Charts 


Charts  are  presented  in  Figures  2  through  22  for  both  the  design 
and  evaluation  of  glazing  to  survive  safely  a  prescribed  blast  loading 
with  a  probability  of  failure  no  greater  than  0.001.  The  charts  relate 
the  peak  blast  overpressure  capacity,  B,  of  thermally  tempered  glazing 
to  all  combinations  of  the  following  design  parameters:  a/b  =  1.00, 
1.25,  1.50,  1.75,  2.00,  3.00,  and  4.00;  1.00  £  ab  £  25  ft2;  12  * 
b  h  60  inches;  2  S  T  %  1,000  msec;  and  t  =  1/4,  5/16,  3/8,  1/2,  5/8,  and 
3/4  inch  (nominal).  Thermally  tempered  glass  up  to  3/4  inch  thick  can 
be  easily  purchased  in  the  United  States.  Thicknesses  greater  than 
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3/4  loch  can  only  be  obtained  by  lamination.  Research  and  blast  load 
testing  are  required  to  develop  design  curves  with  confidence  for  lami¬ 
nated  glass. 

Each  chart  has  a  series  of  curves.  Each  curve  corresponds  to  the 
pane  dimension  shown  to  the  right  of  the  curve.  Adjacent  to  the  pane 
dimension  is  the  value  of  B  (peak  blast  overpressure  capacity)  corre¬ 
sponding  to  T  =  1,000  msec.  The  posted  value  of  B  is  intended  to  reduce 
errors  when  interpolating  between  curves. 

The  charts  are  based  on  the  minimum  thickness  of  fabricated  glass 
allowed  by  Federal  Specification  DD-G-451d.  However,  the  nominal  thick¬ 
ness  should  always  be  used  in  conjunction  with  the  charts,  i.e., 
t  =  1/4  inch  instead  of  the  possible  minimum  thickness  of  0.219  inch 
used  in  design.  The  third  column  of  Table  2  reports  the  minimum  design 
thickness  used  in  place  of  the  nominal  thickness.  The  charts  are  created 
by  numerically  integrating  the  equations  of  motion  of  a  single-degree-of- 
freedom  system  as  modeled  in  Figure  Id.  A  Wilson- Theta  technique  was 
employed  with  a  time  step  corresponding  to  no  greater  than  l/25th  of 
each  of  the  five  increasing  linear  resistances  used  to  model  the  actual 
resistance  function. 

Alternate  Design  Procedure 

The  following  design  procedure  can  be  used  to  evaluate  design  blast 
capacity,  B,  of  monolithic  tempered  glass  when  interpolation  between 
charts  is  unadvisable,  when  design  parameters  are  outside  the  range  of 
parameters  in  the  design  charts,  or  when  calculating  rebound  loads.  By 
iterating  on  trial  pane  sizes,  this  procedure  can  also  be  used  for 
design.  It  is  recommended  that  the  design  charts  be  used  to  make  an 
initial  guess  at  the  glass  thickness.  The  procedure  also  calculate  the 
parameters  required  for  rebound  calculations. 

This  section  imparts  how  to  calculate  design  resistance,  r^,  design 

deflection,  X^,  the  effective  elastic  static  resistance  of  a  equivalent 

liuear  responding  pane,  ref£*  effective  pant  stiffness,  Ke,  and  the 

fundamental  period  of  vibration,  T  .  With  these  parameters  calculated, 

a 

the  presented  response  charts  can  be  used  to  calculate  dynamic  response 
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under  blast  load  and  design  blast  capacity.  Table  6  reports  the  funda¬ 
mental  period  of  vibration,  Tq,  and  Equation  7  reports  the  effective 
elastic  static  resistance,  for  most  dimensions  of  glass  panes.  In 

many  cases,  especially  if  interpolating  between  design  charts,  these 
values  can  be  read  directly  from  their  respective  tables.  The  single 
equation  in  Step  10  of  the  Alternate  Design  Procedure  can  then  be  used 
directly  to  compute  blast  overpressure  capacity,  B. 

Step  1.  Calculate  whether  the  glass  pane  will  behave  as  a  linearly 
responding  plate  under  its  design  load.*  If  the  ratio  of  the  short  side 
of  the  pane,  b,  to  its  actual  or  design  (not  nominal)  thickness  is  less 
than  the  maximum  in  the  second  column  of  Table  3,  then  simple  formulas 
can  be  used  to  calculate  the  parameters  needed  to  enter  the  dynamic 
response  charts.  Only  glass  panes  of  the  encompassed  dimensions  and 
thicknesses  above  and  to  the  left  of  the  stepped  line  in  Table  1  will 
qualify.  If  the  glass  pane  has  a  b/t  ratio  less  than  that  specified  in 
Table  3,  the  glass  will  behave  in  a  nonlinear  manner  with  membrane 
stresses  induced  by  straining  of  the  neutral  plane  or  axis  of  the  plate. 
Proceed  to  steps  2  through  9  for  a  simplified  procedure  for  calculating 
<ey  parameters  of  this  nonlinear  plate  behavior. 

For  glass  panes  qualifying  as  behaving  with  a  linear  response,  the 
following  formula  can  be  used. 

For  a  lineraly.  behaving  pane,  both  the  design  static  and  the  effective 
elastic  static  design  resistance,  re^,  is  defined  as: 

reff  =-'  ru  =  Cr(t/b)2,  psi  (la) 

The  design  center  deflection  of  the  pane  can  be  calculated  as: 

Xu  88  CD  (b2/t)  (lb) 

The  coefficients  for  computing  the  effective  design  resistance,  Cf, 
and  the  design  center  deflection,  are  listed  in  Table  3. 

The  fundamental  period  of  vibration  for  the  pane  is  calculated  as: 
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(2) 


Tn  *  CXCb2/t) 

Coefficient  is  reported  in  the  lest  column  of  Table  3.  With 
these  parameters  calculated,  proceed  to  step  10  to  enter  the  dynamic 
response  charts  to  calculate  blast  capacity. 

Step  2.  For  nonlinear  behaving  glass  panes  with  a  b/t  ratio  greater 
than  specified  in  the  second  column  of  Table  3,  calculate  the  nondimen~ 
sional  design  stress,  S^,  as: 

Sm  =  0.0183(b/t)2  (3) 

where:  b  =  short  span  of  the  glass  measured  between  center  lines  of 
the  gaskets,  inches 

t  =  actual  thickness  of  the  glass  in  inches.  The  measured  or 
design  thickness  should  be  used  rather  than  the  nominal 
thickness.  Table  2  presents  the  design  thicknesses. 

For  values  of  a/b  greater  than  4,  use  a/b  =  4. 

Step  3.  Enter  Figure  23  with  the  value  of  S^j  and  a/b.  Read  the 
nondimens ional  design  load,  Lj^. 

Step  4.  Calculate  the  static  design  resistance,  ry,  as: 

ru  =  876,000(1^)  (t/b)4,  psi  (4) 

This  value  should  be  used  in  all  frame  design  calculations.  However, 
the  effective  static  design  resistance,  re^,  defined  in  Step  7,  should 
be  used  for  rebound  design. 

Step  5.  Enter  Figure  24  with  a/b  ac i  the  value  of  Lj^  and  read  the 
nondimens ional  deflection  X/t.  The  nondimens ional  deflection,  X/t, 
shall  not  exceed  10.  If  X/t  exceeds  10,  use  the  value  of  corresponding 
to  X/t  of  10  to  recalculate  r^  using  Figure  23. 
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Step  6.  Calculate  the  design  center  deflection  of  the  glass  pane, 

Xu,  as:  *"r 

Xu  *  (X/t)  t,  inches  (5) 

Step  7.  Calculate  the  effective  elastic  static  design  resistance, 
of  an  equivalent  linearly  responding  pane  as: 

0.4(r1  ♦  r2  +  r3  *  r4  *  0,5  ru^»  pii  (*) 

resistance  at  0.2  X 

u 

resistance  at  0.4  X 

u 

resistance  at  0.6  X 

u 

resistance  at  0.8  X 

u 

resistance  at  X^  (r^  obtained  from  Step  4) 
value  obtained  from  step  6 

Figures  24  and  23  should  be  used  to  calculate  rj  through  r^.  The  equiva¬ 
lent  static  design  load  is  the  resistance  that  a  linear  responding  plate 
would  exhibit  with  the  same  strain  energy  as  the  actual  nonlinear  behaving 
plate  at  the  design,  center  deflection,  X^.  It  is  always  less  than  the 
desigu  static  resistance,  ru-  By  employing  a  linear  equivalent  system 
for  dynamice  analysis,  the  linear  response  charts  can  be  used  with 
reasonable  accuracy. 

Step  8.  Calculate  effective  stiffness,  K^,  as: 

Kg  =  reff/xu>  psi/in  (7) 

Step  9 .  Calculate  the  fundamental  period  of  vibration  of  the 
glazing,  T  ,  as: 


reff  = 
where:  “ 
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where  is  the  load  mass  factor  of  the  glass: 

Kw  =  0.63  ♦  0. 16(a/b  -  1)  1  6  a/b  6  2 

*  0.79  a/b  i  2 

The  unit  mass  of  the  glass,  a,  is: 
a  *  233  t,  lb-as2/in^ 

Step  10.  Enter  the  dynamic  response  chart  in  Figure  25a  (identical 
with  Figure  3*49  of  Volume  No.  1  of  NAV?AC  P-397  draft)  with  the  ratio 
of  the  effective  duration  of  the  blast  load  to  the  fundamental  period  of 
vibration  of  the  glass  pane,  T/Tft.  Read  the  dynamic  load  factor,  D^,, 
which  is  the  ratio  of  the  maximum  stress  produced  by  the  dynamic  peak 
blast  pressure  to  the  maximum  stress  from  a  statically  applied  peak 
pressure.  The  blast  overpressure  capacity,  B,  of  the  glass  pane  can  be 
.defined  as: 

B  *  WDif  <» 

For  T/T  ratios  greater  than  10,  set  DTC.  to  2.  For  ratios  less 
n  lx 

than  0.05,  set  D^.  to  0.3. 


REQUIRED  DESIGN1  CRITERIA  FOR  FRAME 
Sealants ,  Gaskets,  and  Beads 


All  gaskets  or  beads  are  required  to  be  at  least  3/8  inch  wide  with 
a  Shore  "A"  durometer  hardness  of  50  and  conform  to  ASTM  Specification 
C509-84  (Cellular  Elastomeric  Preformed  Gasket  and  Sealing  Material) . 

The  bead  and  sealant  are  required  to  form  a  weatherproof  seal. 
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Gigging  Sat tint 


Minima  frue  edge  clearances,  face  clearance,  and  bite  (illustrated 
in  Figure  26)  are  specified  in  Table  3. 

Fraae  Loads 


The  window  franc  aust  develop  the  static  design  strength  of  the 
glass  pane,  ru»  given  in  Table  1.  Otherwise,  the  design  is  inconsistent 
with  fraae  assuaptioos,  and  the  pegk  blast  pressure  capacity  of  the 
window  asseablies  predicted  froa  Figures  2  through  22  will  produce  a 
failure  rate  in  excess  of  the  prescribed  failure  rate.  This  results 
because  fraae  deflections  induce  higher  principal  tensile  stresses  in 
the  pane,  thus  reducing  the  capacity  available  to  safely  resist  the 
blast  loading. 

In  addition  to  the  load  transferred  to  the  fraae  by  the  glass, 
frame  members  must  also  resist  the  static  design  load,  ru,  applied  to 

all  exposed  members.  Maximum  allowable  limits  for  frame  design  are: 

\ 

1.  Deflection:  No  frame  member  should  have  a  relative  displace¬ 
ment  exceeding  l/264th  of  its  span  or  1/8  inch,  whichever  is 
less. 

2.  Stress:  The  maximum  stress  in  any  member  should  not  exceed 
fy/1.65,  where  fy  =  yield  stress  of  the  members  material. 

3.  Fasteners:  The  maximum  stress  in  any  fastener  should  not 
exceed  fy/2.00. 

The  design  loads  for  the  glazing  are  based  on  large  deflection 
plate  theory,  but  the  resulting  transferred  design  loads  for  the  frame 
are  based  on  an  approximate  solution  of  small  deflection  theory  for 
normally  loaded  plates.  Analysis  indicates  this  approach  to  be  con¬ 
siderably  simpler  and  more  conservative  than  using  the  frame  loading 
based  exclusively  on  large  deflection  plate  behavior,  characteristic  of 
window  panes.  The  effect  of  the  static  design  load,  r^,  applied  directly 
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to  thm  exposed  frame  members  of  width,  v,  should  alto  bo  conaidored. 
the  design  load,  ru,  products  a  line  ahoar,  V  ,  applied  by  the  long 
aids,  a,  of  tho  pant  equal  to: 

Vx  *  CX  fU  b  *i0  (***'*)  *  fu  W*  lb^ift  O0) 

Tht  design  load,  r^,  produces  a  line  shear,  Vy,  applied  by  the  short 
side,  b,  of  the  pane  equal  to: 

Vy  »  Cy  ru  b  sin  (ny/b)  ♦  ru  w,  lb/in  (11) 

The  design  load,  r^,  also  produces  a  corner  concentrated  load,  R,  tending 
to  uplift  the  corners  of  the  window  pane  equal  to: 


(12) 


Distribution  of  these  forces  as  loads  acting  on  the  window  frame  is 
shown  in  Figure  27.  Table  4  presents  the  design  coefficients,  Cx,  Cy, 
and  for  practical  aspect  ratios  of  the  window  pane.  Linear  inter* 
polation  can  be  used  for  aspect  ratios  not  presented. 

Although  fraaws  with  Bullions  are  included  in  the  design  criteria, 
it  is  recommended  that  single  pane  frames  be  used. 

Experience  indicates  that  Bullions  complicate  the  design  and  reduce 
reliable  fabrication  of  blest~resistant  fraaes.  If  Bullions  are  used  in 
design,  the  certification  teat  must  be  required  as  the  complexity  of  the 
Bullion  cross  sections  may  cause  soae  of  the  assumptions  standard  in 
structural  analysis  to-  be  unconservative  relative  to  local  shear  and 
stress  concentrations.  Also,  economic  analysis  indicates  that  generally 
thicker  glass  will  be  more  cost  effective  than  the  nore  complex  Bullion 
fra«e.  If  Bullions  are  used,  the  loads  given  by  Equations  12,  13,  and 
14  should  be  used  to  check  the  frame  mullions  and  fasteners  for  compliance 
with  the  deflection  and  stress  criteria  stated  above.  It  is  important 
to  note  that  the  design  load  for  mullions  is  twice  the  load  given  by 
Equations  10  to  12  in  order  to  account  for  effects  of  two  panes  being 
supported  by  a  common  Bullion. 
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Special  design  consideration  should  ba  taken  so  that  tha  deflection 
of  the  building  vail  will  not  iapose  deflections  on  the  frame  greater 
than  1/ 264th  of  tha  length  of  the  edge  of  the  pane.  Where  it  is  impos¬ 
sible  to  achieve  enough  building  wall  rigidity,  it  ia  recommended  that 
the  fraaMS  be  pinned  at  the  corners  to  the  structure  in  -  manner  to 
isolate  the  frame  from  wall  rotation. 

Rebound 


Response  to  the  dynamic  blast  load,  will  cause  the  window  to  rebound 
with  a  negative  (outward)  deflection.  The  outward  pane  displacement  and 
the  stresses  produced  by  the  negative  deflection  must  be  safely  resisted 
by  the  window  while  positive  pressures  act  on  the  window.  Otherwise, 
the  window  which  safely  resists  stresses  induced  by  positive  (inward) 
displacements  nay  fail  in  rebound  while  the  positive  pressure  still 
acts.  This  can  propel  glass  fragments  into  the  interior  of  the  struc¬ 
ture.  However,  if  the  window  fails  in  rebound  during  the  negative 
.(suction)  phase  of  the  blast  loading,  glass  fragnents  will  be  drawn  away 
frosi  the  structure.  Zf  glass  failure  does  not  present  a  hazard  to 
personnel  outside  the  structure,  glass  cay  be  peraitted  to  fail  during 
the  negative  load  phase.  Rebound  will  occur  during  the  negative  load 
phase  if  the  effective  blast  duration,  T,  is  no  greater  than  one  half 
the  natural  period  of  vibration,  Tq,  of  the  glass  pane.  For  T  >  10  Tq, 
significant  rebound  does  not  occur  during  the  positive  blast  pressure 
phase.  Therefore,  rebound  can  be  neglected  as  a  design  consideration. 

For  0.5  <  T/T  <  10,  the  frame  nust  be  designed  for  the  peak  negative 

-•  n 

resistance  occurring  during  the  positive  overpressure  phase.  Table  6 
reports  Tq  for  all  practical  glass  pane  dinensions. 

As  the  rebound  chart  (Figure  3-268  in  Volume  III  of  draft  NAVFAC  P-397) 
can  be  unconservative  in  predicting  maximum  rebound,  r  ,  dynamic  analysis 
using  numerical  integration  will  be  required.  In  lieu  of  dynamic  analysis, 
it  is  conservative  to  set  the  maximum  rebound  uniform  load,  r  ,  to  the 
static  design  load,  r^.  The  resistance  function  required  for  this 
analysis  can  be  generated  by  using  the  Alternate  Design  Procedure.  If 
the  glass  pene  has  a  b/t  ratio  less  than  specified  in  Table  3,  the  pane 
will  behave  as  a  linear  plate  and  Equations  la  and  lb  can  be  used  to 
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calculate  r  and  Xu  and  define  tha  resistance  function.  If  the  pane  haa 
a  b/t  ratio  larger  than  apecified  in  Table  3,  use  Steps  2  through  7  to 
compute  (rp  0.2  Xu),  (r2,  0.4  Xu),  (r3,  0.6  X^,  (r4,  0.8  XJ  and  (ru, 
X^)  which  define  the  resistance  function.  The  negative  resistance, 

■ode ling  excursions  of  the  pane  in  the  outward  direction,  is  the  mirror 
inage  of  the  positive  resistance  function. 

The  portion  of  the  fraae  outward  of  the  glass  nuat  resist  the 
■axiaua  rebound  uniform  load,  r  .  Equations  10  through  12  are  used  to 
apply  the  maximum  rebound  load  to  the  frane  members.  In  sone  design 
situations  the  resistance  built  into  the  eeaiber  outboard  of  the  glass  to 
resist  the  corner  concentrated  force,  R  (calculated  in  Equation  10) 
during  deflections  of  the  pane  inward  will  provide  enough  strength  to 
resist  rebound. 


ACCEPTANCE  TEST  SPECIFICATION 

Certification  tests  of  the  entire  window  assembly  are  required 
unless  analysis  demonstrates  that  the  window  design  is  consistent  with 
the  design  criteria.  All  window  asseablies  using  Bullions  aust  be 
tested.  The  certification  tests  consist  of  applying  static  unifora 
loads  on  at  least  two  saaple  window  asseablies  until  failure  occurs  in 
either  the  tempered. glass  or  fraae.  Although  at  least  two  static  unifora 
load  tests  to  failure  are  required,  the  acceptance  criteria  presented 
below  encourage  a  larger  number  of  test  sanples.  The  nuaber  of  saaples, 
beyond  two,  is  left  up  to  the  vendor.  Results  from  all  tests  shall  be 
recorded  in  the  calculations.  All  testing  shall  be  performed  by  an 
independent  testing  laboratory  certified  by  the  contracting  officer. 

Test  Procedure  -  Window  Assembly  Test 

The  test  windows  (glass  panes  plus  support  frames)  shall  be  identi¬ 
cal  in  type,  size,  sealant,  and  construction  to  those  furnished  by  the 
window  manufacturer.  The  fraae  assembly  in  the  test  setup  shall  be 
secured  in  a  manner  that  simulates  the  adjoining  walls.  Using  either  a 
vacuum  or  a  liquid-filled  bladder,  an  increasing  uniform  load  shall  be 
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applied  to  the  entire  window  assembly  (glass  and  frame)  until  failure 
occurs  in  either  the  glass  or  frame.  Failure  shall  be  defined  as  either 
breaking  of  glass  or  loss  of  frame  resistance.  The  failure  load,  r , 
shall  be  recorded  to  three  significant  figures.  The  load  should  be 
applied  at  a  rate  of  0.5  r^  per  minute  which  corresponds  to  approximately 
1  minute  of  significant  tensile  stress  duration  until  failure.  Table  1 
reports  the  static  design  resistance,  ry,  for  old  tempered  glass  corre¬ 
lated  with  i  probability  of  failure  to  be  no  greater  than  0.001  and  a 
stress  intensity  duration  of  1  second.  However,  the  new  glass  in  the 
test  procedure  will  be  tested  under  h  loading  where  the  duration  of 
significant  net  tensile  stress  will  be  about  1  minute.  The  longer 
duration  of  loading  will  weaken  the  glaas  through  ceramic  fatigue,  while 
the  use  of  new  glass  will  tend  to  induce  failure  at  a  higher  load  capacity. 
To  account  for  these  variations  from  lesign  conditions,  the  static  load 

capacity  of  a  glass  pane  for  certification  testing,  r  ,  is  calculated 

s 

as: 


r  *  0.876  r  (12) 

3  U 

Acceptance  Criteria 

The  window  assembly  (frame  and  glazing)  are  considered  acceptable 
when  the  arithmetic  mean  of  all  the  samples  tested,  r,  is  such  that: 


r  i  r  +  s  o  (14) 

.8 

where:  r  -  static  load  capacity  of  the  glass  pane  for  certification 
3  testing 

s  *  sample  standard  deviation 
a  =  acceptance  coefficient 

For  n  test  samples,  r  is  defined  as: 


(15) 
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where  r.  is  the  recorded  failure  load  of  the  i^  test  sample.  The 
sample  standard  deviation,  a,  is  defined  as: 


s 


(16) 


The  minimum  value  of  the  saaple  standard  deviation,  s,  permitted  to 
be  esiployed  in  Equation  18  is: 


s  . 

am 


0.145  r 

s 


(17) 


This  assures  a  sample  standard  deviation  no  better  than  that  observed 
for  ideal  tempered  glass  in  ideal  frames. 

The  acceptance  coefficient,  a,  is  tabulated  in  Table  5  for  the 
number  of  samples,  n,  tested. 

"'''e  following  equation  is  presented  to  aid  the  testsr  in  determining 
if  additional  test  samples  are  justified.  If: 


r  S  r^  +  s  0 


(18) 


then,  with  90%  confidence,  the  design  will  not  prove  to  be  adequate  with 
additional  testing.  '  The  rejection  coefficient,  p,  is  obtained  from 
Table  5. 

Certification- for  Rebound 


The  Acceptance  Test  Specification  shall  be  performed  for  rebour.d 
unless  analysis  demonstrates  the  frame  is  consistent  with  rebound  criteria. 
All  frames  with  mullions  must  be  tested.  Testing  is  performed  by  executing 
the  Acceptance  Test  Specification  with  the  load  applied  to  the  inboard 
surface  of  the  window  assembly.  The  equivalent  static  rebound  load,  r  , 
is  substituted  for  the  static  design  load,  r^. 
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INSTALLATION  INSPECTION 


A  survey  of  glazing  failures  due  to  wind  load  indicates  that  improper 
installation  of  setting  blocks,  gaskets  or  lateral  shims,  or  poor  edge 
bite  is  a  significant  cause  of  failure  because  of  the  resultant  unconser¬ 
vative  support  conditions.  To  prevent  prenature  glass  failure,  a  strenuous 
quality  control  program  is  required. 


SAMPLE  PROBLEMS 

The  following  examples  demonstrate  the  application  of  the  design 
criteria  in  the  design  and  evaluation  of  windows  to  safely  survive  blast 
overpressures  from  explosions. 

Problem  l--Evaluation  of  Blast  Capacity  for  Tempered  Glass 

Given:  A  control  room  at  a  bomb  practice  range  has  thermally 
tempered  glass  windows  meeting  both  Federal  Specification  DD-G-1403B  and 
the  minimum  fragment  requirement  of  ANSI  Z97. 1-1984.  The  dimensions  of 
the  pane  are:  a  =  48  inches,  b  =  43  inches,  and  t  =  1/2  inch.  No  blast 
load  will  exceed  50  msec. 

Find:  Maximum  blast  load  capacity  of  the  windows. 

Solution:  .  Step  1:  Tabulate  the  design  parameters  needed  to  enter 
Figures  2  to  22, 

a/b  =  48/48  =  1.00 

b  =  48  inches 

t  =  1/2  inch  (nominal) 

T  =  50  msec 
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Step  2:  Enter  the  bottom  design  graph  on  Figure  3  and  find  that 
the  design  blast  pressure  is: 

B  =  3.85  psi  ANS 

Probleu  2— Design  of  Tempered  Glass  Panes 

Given:  A  nonoperable  window  having  a  single  pane  of  glass.  Glazing 
thermally  tempered  glass  meeting  Federal  Specification  DD-G-1403B  and 
the  minimum  fragment  requirements  ANSI  Z97. 1-1984.  Dimensions  of  pane: 
a  =  54  inches,  b  =  36  inches.  Blast  loading:  B  =  4.5  psi,  T  =  500  msec. 

Find:  Minimum  thickness  of  glazing  required  for  a  probability  of 
failure  less  than  0.001. 

Solution:  Step  1:  Tabulate  the  design  parameters  needed  to  enter 
Figures  2  to  22. 

a/b  =  54/36  =  1.50 

b  s  36  inches 
B  =  4.5  psi 

T  =  500  msec 

Step  2:  Enter  Figures  2  to  22  with  the  design  parameters  from 
Step  1  and  find  the  minimum  glazing  thickness. 

The  top  graph  of  Figure  10  applies  for  the  given  design  parameters. 
Enter  Figure  10  and  find  the  minimum  glazing  thickness  required  for 
B  =  4.5  psi  and  T  =  500  msec: 

t  =  5/8  in.  ANS 
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Problem  3 — Design  of  a  Linearly  Behaving  Pane  by  the  Alternate  Design 
Procedure 


Given:  A  fixed  window  with  a  single  pane.  Glazing  is  thermally 
tempered  glass  meeting  Federal  Specification  DD-G-1403B  and  ANSI  Z97.1 
-  1984.  The  dimensions  of  the  pane  are:  a  =  18  inches,  b  *  18  inches, 
and  t  =  3/4  inch  (nominal).  Blast  loading:  B  =  45  psi,  T  =  10  msec 

Find:  The  blast  overpressure  capacity  of  the  glass  pane. 

Solution:  Step  1:  Tabulate  the  needed  parameters. 

a/b  =  18/18  =  1.00 
b  =  18  inches 

t  =  0.719  inch  (actual  thickness  from  Table  2) 

Step  2:  Determine  if  the  pane  will  behave  as  a  linearly  behaving 
plate  under  the  design  loading.  Calculate: 

b/t  =  18/0.719  =  25.0 

Enter  Table  3  and  note  the  maximum  b/t  ratio  permitted  for  a  pane 
responding  as  a  linear  responding  plate  to  small  deflection  plate  theory 
is  53.6.  The  trial  pane  qualifies;  note  this  pane  size  is  also  to  the 
left  and  above  the  stepped  line  in  Table  1. 

Step  3:  Using  Equation  la,  and  coefficient  from  Table  3,  compute 
both  the  static  design  resistance,  r^,  and  the  effective  static  design 
resistance,  reff>  as: 

r  =  r  =  c  (t/b)2  =  5.79  x  104  (0.719/18)2  =  92.4  psi 
eff  u  r 

The  alternate  design  procedure  will  give  slightly  higher  values 
than  Table  1  (91.6)  due  to  slight  approximations  in  the  derivation  of 
its  plate  equations. 
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Step  4:  Calculate  the  natural  period  of  vibration  of  the  pane  L>y 
Equation  2  and  coefficient  from  Table  3: 

T  -  C_  (b2/t)  -  5.21  x  l(f3  <lS2/0. 719)  =  2.35  nsec 
n  l 

Step  5:  Calculate  the  ratio  of  the  effective  blast  duration,  T,  to 
the  natural  period  of  vibration  of  the  glass  pane  Tq: 

T/T  =  10.0/2.35  =  4.25 
n 

Enter  the  dynamic  response  chart  on  Figure  25(a)  (Identical  with 
Figure  3-49  of  draft  Volume  III  of  NAVFAC  P-397).  Read  the  Dynamic  Load 
Factor,  Djj: 

dLf=  1.87 

Step  6:  Calculate  the  blast  overpressure  capacity  of  the  glass 
pane  accoraing  to  Equation  9: 

B  =  =  92.4/1.87  =  49.4  psi  ANS 

This  is  very  close  to  the  blast  capacity  reported  in  the  blast 
capacity  chart  (Table  4  -  bottom) 

Problem  4 — Evaluation  of  Blast  Capacity  for  Tempered  Glass  by  Alternate 
Design  Method  . 

Given:  A  tempered  glass  pane.  Dimensions  of  the  pane  are: 
a  =  36  inches,  b  =  36  inches,  and  t  =  1/4  inch.  The  threat  blast  load 
has  a  duration  of  5  msec. 

Find:  Maximum  blast  capacity. 
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Solution:  Stop  1:  Compute  the  aspect  ratio,  a/b,  and  determine  if 
the  pane  will  behave  as  a  linearly  responding  pane  under  its  design  load 
by  computing  the  ratio  of  the  short  side  of  the  pane,  b ,  to  its  actual 
(not  nominal)  thickness: 

a/b  =  36/36  *  1.00 

t  =  0.219  inches  (from  Table  2) 

b/t  =  36/0.219  =  164 

As  the  b/t  ratio  exceeds  53.6,  the  pane  will  behave  as  a  plate 
responding  according  to  large  deflection  plate  theory.  Equations  3 
through  9  must  be  used. 

Step  2:  Calculate  the  nondimens ional  design  stress,  S^,  according 
to  Equation  3: 

Sjjp  =  0.0183  (b/t)2  =  0.0183  (36/0. 219)2  =  495 

Step  3:  Enter  Figure  23  with  S^  -  495  and  a/b  *  1.00,  and  read  the 
nondimensional  design  load,  L^. 

Sd  *  3400 

Step  4:  Calculate  the  static  design  resistance,  ry,  according  to 
Equation  4  as: 

ru  =  876,000  (L^)  (t/b)4  =  876,000  (3400)  (0.219/36)4  =  4.08  psi 

The  value  of  r  in  Table  1  is  4.04  psi. 
u 

Step  5:  Enter  Figure  24  with  a/b  =  1.00  and  =  3400,  and  record 
the  nondimensional  deflection  X/t. 

X/t  =  4.1 
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The  design  center  deflection  of  the  glass  pane  is  calculated  according 
to  Equation  5  as: 

Xu  =  (X/t)t  =  (4.1)(0.219>  *  0.898  inch 

Step  6:  Calculate  the  effective  static  elastic  resistance,  ref£» 
of  an  equivalent  linearly  responding  pane  according  to  Equation  6: 

reff  1  O'4  (rl  ’'l'')"!*  “'s1 
A  table  is  often  convenient  for  the  calculation. 


Effective  Static  Elastic  Resistance  Work  Table 


Center 

Deflection 

Center 

Deflection 

X 

(in) 

Nondimens ional 
Deflection 
X/t 

Nondimensional 

Design 

Load 

Static 

Load 

r 

(psi) 

Equation 

6 

Designation 

0.2  Xu 

0.180 

0.820 

260 

0.312 

rl 

0.4  Xu 

0.359 

1.64 

590 

0.708 

r2 

0.6  X 

u 

0.539 

2.46 

1250 

1.50 

r3 

0.8  X 

u 

0.718 

3.28 

2150 

2.58 

r4 

X 

u 

0.S98 

4.10 

3400 

4.08 

ru 

reff  <0-312  +  °-708  l-50  +  2  58  +  °-5  (4-08)) 

=  2.86  psi 

Step  7:  Calculate  the  effective  stiffness,  K^,  according  to 
Equation  7  as: 

K  =  r  ,./X  =  2.86/0.898  =  3.18  psi/in 
e  eff  u  r 

Step  8:  Calculate  the  fundamental  period  of  vibration  of  the 
glazing,  T  ,  as: 


653 


vv 


T  *  2n 
n 


*LM'  t*ie  i0*^  o®ss  factor  of  the  glass,  is: 

Kjjj  *  0.63  +  0/16  (a/b  -  1)  =  0.63  +  0.16  (1  -  1)  s 
The  unit  mass  of  the  glass  is  computed  as: 

a  =  233t  =  233  (0.219)  =  51.0 
With  these  paraaeters  calculated,  T  ,  is  calculated  as: 
Tn  =  2n  0.63  (51.0)/3. 18  =  20.2  msec 


0.63 


Step  9:  Enter  the  dynaaic  response  chart  on  Figure  25a  (identical 
to  Figure  3-49  of  Volume  III  of  NAVFAC  P-397  draft)  with  the  ratio  of 
the  effective  duration  of  the  blast  load  to  the  fundamental  period  of 
vibration  of  the  glass  pane,  T/Tr. 

T/T  =  5/20.0  =  0.25 

D 

Djj  =  0.72 

Step  10:  The  blast  capacity  of  the  glass  pane  can  be  calculated 
according  to  Equation  9  as: 


8  =  fgff/Du  =  2.86/0.73  =  3.92  psi 


ANS 


This  is  close  to  the  value  reported  (3.83  psi)  in  the  blast  capacity 
charts  (Figure  2  -  top). 

Problea  5 — Design  Loads  for  Window  Frame 


Given:  A  nonoperable  window  has  a  single  pane  of  glass.  The 
glazing  is  heat-treated  tempered  glass  meeting  Federal  Specification 
DD-G-1403B  and  ANSI  Z97. 1-1984.  The  dimensions  of  the  pane  are: 
a  =  37.5  inches,  b  =  30  inches.  Frame  width:  w  =  2  inches.  Blast 
loading:  B  =  12  psi,  T  ='1,000  msec. 


Find:  Thickness  of  fisting  required  for  s  probability  of  failure 
equal  to  or  less  than  0.001  and  design  loading  for  window  franc. 

Solution:  Step  1:  Tabulate  the  design  paraaeters  needed  to  enter 
Figures  2  to  22. 

a/b  =  37.5/30  =  1.25 
b  =  30  inches 

B  *  12  psi 

T  =  1,000  nsec 

Step  2:  Select  the  mininua  glasing  thickness. 

Enter  the  lower  graph  of  Figure  7,  which  applies  for  the  given 
design  parameters.  The  slninum  glasing  thickness  required  is: 

t  =  3/4  inch  nominal  ANS 

Step  3:  Calculate  the  static  ultimate  uniform  load  that  produces 
the  same  maximum  frame  load  as  the  blast  load. 

Enter  Table  1  for  tempered  glass  with  a  pane  size  of  37.5  by  30  inches, 
a/b  =  1.25,  and  t  =  3/4  inch,  and  find  the  static  uniform  design  load 
capacity  of  the  glazing  to  be: 

r  a  24.6  psi 
u 

Thus,  the  window  frame  must  be  designed  to  safely  support  without  undue 
deflection  a  static  uniform  load  equal  to  24.6  psi  applied  normal  to 
both  the  glazing  and  exposed  frame  members. 

Step  4:  Calculate  the  design  loading  for  the  window  frame. 

Enter  Table  4  with  a/b  a  1.25,  and  find  by  interpolation  the  design 
coefficients  for  the  frame  loading  to  be: 
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0.07? 


ANS 


Cr  * 

Cx  *  0.545 

Cy  *  0.543 

Froa  Equation  12,  the  concentrated  load  in  each  corner  of  the  pane  is: 

R  (corner*)  =  0.077  (24.6)(37.5)2 

“  2,660  pounds  ANS 

Froa  Equation  10,  the  design  loading  for  the  fraae  in  the  long  direction, 

a,  is: 

=  0.545  (24.6)(30)  sin  (rtx/37.5)  +  24.6(2) 

Vx  =  402  sin  (nx/37.5)  +49.2  lb/in  ANS 

Froa  Equation  11,  the  design  loading  for  the  frame  in  the  short  direction, 

b,  is: 

Vy  =  0.543  (24.6) (30)  sin  Oty/37.5)  +  24.6(2) 

Vy  =  400  sin  (ity/40)  +  49.2  lb/in  ANS 

Distribution. of  the  design  load  of  the  pane  on  the  fracas  is  shown  in 
Figure  27. 

As  the  fundamental  period  of  vibra^xon  of  the  pane,  T^,  is  8.74  msec 
(froa  Table  6),  the  ratio  of  the  effective  blast  duration  to  the  fundamental 
period  of  vibration  is: 

T/Tq  =  1,000/3.74  =  114 

As  this  ratio  exceeds  ten,  rebound  can  be  ignored. 
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Problem  6— Deaizn  loads  for  Multipane  Frame 


Giva:  A  nonoperable  window  consist*  of  four  equal  size  panes  of 
glass.  The  glazing  is  heat-treated  tempered  glass  meeting  Federal 
Specification  DD-G-1403B  and  the  minimum  size  fragnent  requirements  of 
AHSI  Z97. i-1984.  Distensions  of  the  panes:  a  ~  22.5  inches,  b  =  18  inches 
The  exposed  frame  width  is  3  inches.  Blast  loading:  B  *  14  psi, 

T  *  50  msec. 

Find:  Minimum  thickness  of  glazing  required  for  a  probability  of 
failure  equal  to  or  less  than  0.001  and  the  design  loads  for  the  framing 
system. 

Solution:  Step  1:  Tabulate  the  design  parameters  needed  to  enter 
Figures  2  to  22. 

a/b  =  22.5/18  =  1.25 

b  *  18  inches 

B  =  14  psi 

T  =  50  msec 

Stey  2:  Select  the  minimum  glazing  thickness. 

Enter  the  bottom  graph  on  Figure  6,  which  applies  for  the  given 
design  parameters.  The  minimum  glazing  thickness  required  is: 

t  s  1/2  inch  nominal  ANS 

Step  3:  Calculate  the  static  ultimate  uniform  load  that  produces 
the  same  maximum  reactions  on  the  window  fraoM  as  the  blast  load. 

Enter  Table  1  with  b  =  18  inches, a/b  =  1.25,  and  t  =  3/16  inch,  and 
find  the  static  design  uniform  load  capacity  of  the  glazing  to  be: 

ru  =  231  Psi 
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The  window  frame  must  be  designed  to  safely  support  without  uadue  deflec¬ 
tions  a  static  uni fore  load  equal  to  29.1  psi  applied  perpendicular  to 
the  glaxing  and  to  the  exposed  surface  of  the  frame  manner* . 

Step  4:  Calculate  the  design  loading  for  the  window  frame. 

Enter  Table  4  with  a/b  =  1.25.  With  interpolation,  the  design 
coefficients  for  the  frame  loading  are: 

CR  =  0.077 

Cx  =  0.545 

Cy  =  0.543 

From  Equation  12,  the  concentrated  loads  in  the  corners  of  each  pane 
are: 


R  (corners)  =  -0.077  (29.1)(18)2  =  -726  pounds  ANS 

From  Equation  10,  tbe  design  loading  for  the  long  spans  of  the  frame  and 
mull ions  are: 

Vx  =  0.545  (29 . 1) (18)  sin  Ott/22.5)  +  29.1(3) 

=  285  sin  (rat/22.5)  ♦  87.3  ib/in.  ANS 

From  Equation  11,  the  design  loading  for  the  short  spans  of  the  frame 
and  mullions  are: 

Vy  =  0.543  (29.1) (18)  sin  (ny/18)  29.1(3) 

=  284  sin  (ny/18)  ♦  87.3  lb/in.  ANS 

The  design  loads  for  the  window  frame  are  shown  in  the  following  figure 
and  table. 
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Problen  7--De»iia  Acceptance  Based  Upon  Certification  Test  Results 

Given:  A  window,  54  x  36  x  3/8- inch  with  a  single  pane  of  teupered 
glass,  is  designed  to  safely  resist  a  blast  load,  B,  of  2.7  psi  with  an 
effective  blast  duration,  T,  of  200  nsec.  Certification  testing  involved 
-testing  three  window  assenblies  (n  =  3)  to  failure.  Failure  loads,  r^, 
were  recorded  at  14.0,  17.0,  and  13.7  psi. 

Find:  Determine  if  the  window  design  is  acceptable  based  on  results 
froa  the  certification  tests. 

Solution:  Step  1:  Tabulate  the  design  parameters  needed  to  enter 
Table  1 : 

b  -  36  inches 

a/b  =  54/36  =  1.50 

t  =  3/8  inch  nominal 

Step  2:  Employing  Table  1,  select  the  static  design  load,  r^, 
corresponding  to  the  glass  pane  geometry. 

ru  =  6.90  psi 
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Calculate  the  static  load  capacity  of  the  tempered  {lass  for  certi¬ 
fication  fro*  Equation  13: 

r#  *  0.876  ru  *  6.04  psi 

Step  3:  Calculate  the  arithmetic  mean,  r ,  of  all  the  samples 
tested. 

Using  Equation  IS: 


C  - 


r. 

i 


r  * 


(14.0  ♦  17.0  ♦  13.7) 

- 5 - 


14.9  psi 


Step  4  Using  Equation  16,  calculate  the  sanple  standard  deviation,  s 


■  V 


-x2 


L  (r.  -  r) 
i=l 


.9)2  +  (17.0-14,9)  +  (13. 7-14. 9)* 


=  1.82  psi 


Step  5:  Verify  that  the  sample  standard  deviation,  s,  is  larger 
than  the  minimum  value,  s  .  ,  prescribed  in  Equation.  17. 


s  =  1.82  psi  >  s  . 

ml 

=  0.145  r 

s 

=  0.145  (6.04) 

=  0.876  psi 


Thus,  s  =  1.82  psi  is  the  appropriate  value  to  use  in  subsequent  calcu¬ 
lations. 
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Step  6:  Using  Table  S,  select  the  acceptance  coefficient,  a,  that 
correlates  with  the  three  samples  tested. 

Entering  Table  5,  with  n  *  3,  find: 

a  =  3.05 

Step  7:  Verify  that  the  window  and  frame  passed  the  certification 
tests  by  meeting  the  conditions  of  Equation  14: 

r  »  14.9  psi  2  r  ♦  s  a 

s 

a  6.04  +  1.82  (3.05) 
a  11.6  psi 

Therefore,  the  window  assembly  design  is  considered  safe  for  the 
prescribed  blast  loading. 

Problem  8— Design  Rejection  Based  Upon  Certification  Test  Results 

Given:  A  window,  30  x  30  x  1/4-inch  with  a  single  pane  of  tempered 
glass,  is  designed  to  safely  resist  a  blast  load,  B,  of  4.0  psi  with  an 
effective  blast  duration,  T,  of  200  msec.  Certification  testing  involved 
testing  three  window  assemblies  (n  a  3)  to  failure.  Failure  loads,  r^, 
were  6.39,  7.49,  and  8.47  psi. 

Find:  Determine  if  the  window  design  is  acceptable  based  upon 
results  from  the  certification  tests. 

Solution:  Step  1;  Tabulate  the  design  parameters  needed  to  enter 
Table  1. 

b  =  30  inches 

a/b  =  30/30  =1.00 

t  =  1/4  inch 
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Step  2;  Employing  Table  l  select  the  static  design  load,  r^, 
corresponding  to  the  pane  geometry. 

r  =  5. 53  psi 
u 

The  static  load  capacity  of  tempered  glass  for  certification  testing, 
r#,  is  calculated  according  to  Equation  13  as: 

r#  a  0.876  ru  =  A. 84  psi 

Step  3:  Calculate  the  arithmetic  mean,  r,  of  all  the  samples 
tested  using  Equation  IS: 


(6.39  +  7. 49  8.47) 


7.45  psi 


Step  4:  Employing  Equation  16,  calculate  the  sample  standard 
deviation,  s. 


The  .sample  standard  deviation,  s,  is  calculated  as: 


Step  5:  Verify  that  the  sample  deviation,  s,  is  larger  than  the 
minimum  value,  a  ^  ,  prescribed  in  Equation  17. 


1.04  psi  >  s  . 

mi 

0.145  r 

8 
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«  0.145  (4.84) 

*  0.702  pti 

Thus,  s  =  1.04  pai  it  the  appropriate  value  to  uae  in  aubaequent 
calculations . 

Step  6:  Using  Table  5,  select  the  acceptance  coefficient,  a,  and 
the  rejection  coefficient,  8,  for  n  »  3.  Entering  Table  5  with  n  =  3, 
find. 


a  *  3.05 
p  *  0.871 

Step  7:  Verify  if  the  window  and  frame  passed  the  certification 
tests  by  meeting  the  conditions  of  Equation  14: 

r  =  7.45  psi  <  r  +  s  a  =  4.84  +  1.04  (3.05) 

s 

r  <  8.01  psi  - 

Therefore,  the  window  assembly  design  does  not  satisfy  Equation  16  and 
is  considered  unsafe  for  the  prescribed  design  blast  loading. 

Step  8:  Determine  if  the  window  design  should  be  abandoned  or  if 
additional  testing  is  justified.  From  Equation  18: 

r  =  7.45  psi  >  r  t  s  P  =  4.84  +■  1.04  (0.871)  =  5.75  psi 

s 

Therefore,  with  a  level  of  confidence  of  90%,  additional  testing 
may  lead  to  acceptance  of  the  window  design.  More  saaq>les  nay  be  tested. 
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list  of  symbols 


B 


b 

°D 


UT 


*E 


.  a 


id 

P 

P(F) 

R 


Long  dimension  of  glass  pine ,  in 
Peak  blast  overpressure  capacity,  psi 
Short  diswnsion  of  glass  pane,  in 

Coefficient  for  predictions  design  center  deflections,  Xu, 
of  linearly  behaving  panes 

Coefficient  for  prediction  effective  design  resistance,  reff, 
of  a  linearly  behaving  pane 

Coefficient  for  prediction  fundamental  period  of  vibration, 

T,  of  a  linearly  behaving  pane 

Shear  coefficient  for  load  passed  froa  glass  pane  to  its 
support  frasie 

Uplifting  corner  force  coefficient  passed  from  glass  pane 
to  its  support  fraite 

Modulus  of  rigidity  of  glass  pane,  in* lb 
Dynamic  load  factor 
Modulus  of  elasticity,  psi 

Design  stress  and  allowable  principal  tensile  stress  in 
glass  pane  for  a  probability  of  failure  equal  to  or  less  than 
one  per  thousand,  psi 

Yield  stress  of  frame  members  and  fasteners,  psi 

4 

Moment  of  inertia  of  window  frame,  in 
Effective  stiffness,  psi/in 
Load  mass  factor  of  the  glass  pane 
Numbet  of  window  assemblies  tested 
Mass  (lb-ms^/in) 

Blast  overpressure  at  any  time,  psi 
Probability  of  failure  of  glass  pane 

Uplifting  nodal  force  applied  by  glass  pane  to  corners  of 
frame,  lb 


666 


S«tistue«f  ps»i 

Teat  Jr. -.a  *t  failure  of  from  or  $1m«  during  certification 
teats,  psi 

Neon  failure  load  of  a  samples,  psi 
Effective  resistance,  psi 

Static  load  capacity  of  tendered  glass  for  certification 
testing,  psi 

Design  static  load  capacity  of  the  glass  pane,  psi 

Uniform  static  negative  load  capacity  of  the  window  assembly, 
psi 

Sample  standard  deviation,  psi 

Hinianisi  value  of  sample  standard  deviation  accepted  in 
Acceptance  Teat  Specification 

Effective  duration  of  blast  load,  msec 

Natural  period  of  vibration  of  the  glass  pane,  msec 

Nominal  thickness  of  glass  pane,  in;  elapsed  time,  msec 

Static  load  applied  by  glass  pane  to  long  edge  of  frame, 
lb/  in 

Static  load  spoiled  by  glacs  pane  to  short  edge  of  frame, 
lb/ in 

Width  of  exposed  surface  of  window  frame,  in 

Distance  from  corner  measured  along  long  edge  of  glass 
pane,  in 

Center  deflection  of  pane,  in 
Center  deflection  of  pane  at  r  ,  in 
Acceptance  coefficient 
Rejection  coefficient 


Poisson's  ratio 


T*M»  1.  tt.ttU  DatLpn  r#  (pit),  for  I«ptt«4  Glut* 

U  *  t«a|  (ImuIm  it  glut  pu  <i*i,)|  5  ■  abort  dlaaoaton  of 

,  SltM  gift*  (»,)} 

usHfx  urn  -  i.oo 


Glut 

Sin, 

Static  ttttlgn  Strength  (pal)  for  a  Hindu  thlcXnaa* 

»  t,  of  ~ 

b  n  a 

(In.) 

5/4  la. 

S/»  la. 

1/2  la. 

3/1  la. 

3/16  in. 

1/4  in. 

I»U 

204 

141 

07.7 

50.3 

27.5 

Em 

13x13 

176 

110 

74.7 

42,8 

23.5 

14sU 

151 

103 

44.5 

34.5 

21.1 

Em 

1!»15 

1)2 

50.1 

54.1 

32.1 

18.7 

EalH 

14*1 « 

114 

7*.  2 

45.3 

28.3 

14.7 

13.4 

17x17 

103 

70.1 

43.7 

23.5 

ft.i » 

12.7 

51.4 

42.5 

35.0 

23.1 

u.i 

12.4 

ttaia 

02.1 

54. 1 

35.0 

13.3 

12.1 

MX  30 

74.1 

50.7 

31.4 

12.9 

U.O 

nxti 

47.3 

44.0 

28.4 

17.7 

12.7 

10.0 

UxU 

41.3 

41.5 

24.4 

14.3 

12.4 

9.20 

U«t3 

56.1 

34.3 

24.4 

13.1 

U.I 

0.52 

MlK 

5J.S 

35.2 

22.7 

U.5 

10.9 

7.91 

axis 

4>.5 

32.4 

....  21.2 

13.8 

10.1 

7.43 

43.5 

30.0 

13.4 

5.39 

7.00 

27x27 

40.7 

27.5 

18.5 

12.5 

4.42 

28x2* 

37.5 

24.2 

17.4 

12.8 

4.22 

rtvvt 

35.3 

24.6 

16.4 

12.4 

w. '  n 

5.84 

10r» 

33.0 

23.2 

15.4 

12.4 

5.33 

31x31 

30.5 

21.5 

14.6 

12.0 

5.22 

3b3t 

a.o 

^7n 

14.2 

11.3 

4.71 

4.94 

3*33 

27.4 

if  .7 

13.8 

10.4 

4.39 

4.49 

susa 

24,0 

18.7 

13.5 

10.0 

6,07 

4.45 

35x35 

24.0 

I7.g 

13.2 

4.50 

3.77 

4.23 

M«SS 

23.4 

17.0 

12.0 

9.05 

5.50 

4.04 

JVtW 

22.5 

14.7 

12.7 

8.15 

3.24 

3.64 

MtS# 

15.4 

11.7 

8.24 

5.01 

3.69 

MUSS 

14.0 

12.6 

7.84 

4.79 

3.53 

40x40 

X9.7 

14.4 

12.5 

7.57 

4.58 

3.39 

41x41 

1S.0 

14.1 

U.5 

1  '  iJMV" 

4.39 

J.2S 

41x41 

18.1 

13.8 

11.4 

4.21 

1 

43»3 

17.3 

12.5 

10.5 

1? 

4.05 

■rTTSil 

44x44 

lfc»7 

13.1 

10.4 

B^r^B 

3.90 

B*rT^B 

45x45 

U.O 

13.0 

5.55 

3.75 

B^T^B 

44x44 

15.4 

12.5 

5.55 

3.42 

B^y^B 

41X47 

14.5 

12.8 

5.24 

m 1 . !  life 

3.49 

■L , 

14.5 

12.7 

0.51 

5.43 

3.37 

2.49 

45x45 

14.2 

12.4 

0.55 

3.43 

3.25 

2.41 

SOaSC 

14.Q. 

12.4 

0.30 

5.27 

3.15 

2.33 

51x51 

13  .7 

12.4 

8.02 

5.05 

3.04 

2.25 

52x52 

13.5 

U.5 

7.76 

4.52 

2.95 

2.18 

55x52 

13.3 

U.S 

7.54 

4.74 

2.85 

2.11 

54x54 

13.1 

11.1 

7.33 

4.41 

2.77 

2.05 

55x55 

12.5 

10.7 

7.13 

4.47 

2.48 

1.99 

54x54 

12.0 

10.3 

6.54 

4.33 

2.40 

1.93 

57X57 

12.7 

5.5? 

6.76 

4.20 

2.53 

1.87 

12.7 

5.44 

6.55 

4.00 

2.45 

1.82 

55x55 

12.4 

5.38 

6.40 

3.57 

2.30 

1.77 

40x40 

12.4 

5.11 

6.22 

3.05 

2.32 

1.72 

•Paata  to  tha  right  tad  bale*  tht  ttappad  dividing  lint  behave 
according  to  largo  dafloctlon  platt  theory. 
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tablt  1*  Continued 


ft  •  loo«  (iamlin  of  «UM  gaoe  (in. )t  t>  •  than  of 

|l«n  pone  (to*)) 


ASna  RATIO  -  l. » 


Claao 

SlH| 

Statie  Design  Strength  (gal)  for  *  Window  Thickness,  t,  of  — 

baa 

(In.) 

3/4  In. 

S/t  in. 

1/2  in. 

3/8  In. 

5/16  in. 

1/4  in. 

lull 

154 

106 

65.5 

37.5 

20.3 

15.2 

1S»  16.23 

131 

81.5 

35.8 

32.0 

17.1 

13.3- . 

14x17.5 

113 

77,2 

48.1 

27.4 

15.6 

If!! 

15*19. 75 

18.5 

67.2 

41.1 

24.0 

14.2 

u.\ 

16)1 70 

•1.4 

51.1 

36.8 

21.1 

13.0 

10.2 

lMt.8 

76.7 

32.4 

32.6 

11.0 

12.0 

1.84 

11x22.5 

68.4 

46.7 

21.1 

17.2 

1.76 

.  11x73.75 

61.4 

41.1 

26.1 

13.6 

tri 

1.72 

20x25 

35.4 

37.8 

23.6 

14.6 

l.H 

1.54 

21x26.23 

50.3 

34.3 

21.6 

13.6 

9.71 

6.61 

22x27.5 

63.8 

31.3 

11.7 

1.71 

7.15 

25x28.75 

61.1 

28,8 

18.2 

1.70 

7.20 

26x50 

31.5 

28.3 

17.0 

11.3 

1.41 

6.75 

25x31.25 

35.5 

24.2 

15.1 

10.7 

0.77 

6.27 

26x52.5 

32.8 

2  2. 4 

14.9 

10.2 

6.14 

5.83 

27X55.75 

30.4 

20.8 

14*1 

1.10 

7.57 

3.65 

28.3 

11.5 

IK 

1.80 

7.07 

3.12 

21x56.23 

26.4 

18.4 

15.11 

1.71 

6.63 

4«8<L 

30x37.5 

26.6 

17.4 

12.3 

1.77 

6.23 

4.54 

31x38.75 

23.1 

16.4 

11.7 

1.71 

3.87 

4.31 

32x60 

21.7 

IS. 6 

Bui 

1.63 

3,54 

33x61.25 

20.4 

14.1 

1.22 

3.25 

36X62.5 

11.4 

14.2 

8.71 

4.18 

■ 

35x63.75 

18.3 

13.6 

8.24 

4.74 

3.33 

34*4' 

17.6 

13.1 

7.81 

4.52 

3.36 

37x66.25 

16.8 

12.7 

1.80 

7.41 

4.32 

3.20 

38x67.5 

18.1 

U»3 

1.71 

7.03 

4.14 

3.06 

31X68.75 

15.3 

11.8 

1.78 

6.72 

3.17 

2.12 

60x50 

14.8 

11.4 

1.75 

6.42 

3.62 

2.00 

61x51.25 

1A.3 

U.O 

1.71 

6.U 

3.88 

1.60 

62x52.5 

13.8 

10.8 

1.88 

3.87 

3.31 

2.37 

63x53.75 

13.4 

10.3 

1.47 

5.63 

3.37 

2.47 

66x55 

10.1 

1.06 

5.40 

3.24 

2.37 

65x56.25 

10.0 

6.68 

3.11 

3.11 

2.28 

66x57.5 

12.3 

1.87 

8.32 

5.00 

3.00 

2.11 

47X58.75 

11.1 

1.80 

7.H 

4.61 

2.81 

2.11 

48x60 

11. 3 

1.71 

7.67 

4.64 

2.78 

2.03 

61X41.25 

11.3 

1.78 

7.37 

4.41 

2,68 

l.H 

50x62.5 

10.1 

1.77 

7.11 

4.34 

2.51 

1.81 

51x63.75 

10.6 

1.74 

6.85 

4.21 

2. SO 

1.83 

52x45 

10.3 

1.70 

6.61 

6.08 

2.42 

1.77 

53x64.25 

10.2 

1.67 

6.38 

3,16 

2.34 

1.71 

*Pane«  to  the  right  and  below  tha  stepped  dividing  lint  behave 
according  to  largo  dofloction  plate  theory. 

(continued) 
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Ml*  1.  Continued 


loot  41 


■lot  sf  |Um  pacta  (Ik.);  b  •  abort  d  Imm  ton  e t 
•1m*  fm  tin.)) 

urns  uno  -  i.so 


Static  Design  Strength  (pal)  tot  a  Window  Thickness,  t,  ot  « 


3/4  in.  3/0  1*.  1/2  1«.  I  if*  In.  5/U  in.  1/4  in. 


13*11. S 

14*21 

15*22.  S 

14*24 

12*23.5 

14*27 

14*24.3 

20*30 

21*11.3 

22*33 

21*30.3 

24*34 

23*31.3 

24x34 

27*40.3 


24*0.3 

30*43 

32*44.3 

32*44 

33*44.3 

34*31 

*33x32.3 

34*34 

37x33.3 

30x37 

34*34.3 

40x40 

41*41.3 

42*43 

43*44.3 

44*44 

43x47.3 

44x44 

47X70.3 

40x72 


■n:i 


tJ4t1 


►  Mil 

1X')1 


►R>1 


♦Panes  to  tho  right  and  below  the  stopped  dividing  11m  behave 
according  to  large  deflection  plate  theory. 


(continued) 
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Table  1.  Contlnoed 


|a  •  1«|  41mm 1 1 


m  at  tlaat  mm  (U.)i  4  •  abort  dlxanalon  of 
|lui  fm  Ha.)) 


ASPIC?  MRO  •  1.73 


Statie  Dealgn  ftretsgth  (pat)  for  a  Vlndov  TMckneaa,  t,  of  — 


it*  1«.  I  it*  1  a.  1/1  U.  it*  in*  iti*  in.  It*  in. 


lull 

13*22.73 

14x24.3 

13x20.15 

14x20 

12x29.73 

utn.s 

19x33.19 

20x33 

21x34.73 

22x34*3 

13aM>.23 

24x42 

23x43.73 

24x43.9 

27X47.23 

20x49 

29X30.73 

30x32.3 

31x34.25 

32x34 

33x37.75 

,34x39.3 

33x41.23 

34x43 

37x44.73 

30x44.3 

31X40.23 

40x70 

41x71.73 

42x73.3 

43x73.25 

44x77 

43x79.73 


*fanoa  to  the  right  and  below  tho  atepped  dividing  lino  behave 
according  to  largo  deflection  plat*  theory. 


(continued) 
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Mta  1.  Oantiamd 

t«  •  Ini  ttanitM  •(  |1«h  pent  (la.) t  t  •  Awt  of 

•ImThm  (ta.)! 


tma  mho  •  1.00 


01 OM 

Slxo, 

IM 

tin.) 

Static  Doalga  tinngtb  (Hi)  fo»  •  Wlodoo  Thldtaata , 

t|  ot 

1/4  in. 

S/i  in. 

1/2  In. 

3/1  in. 

3/18  In. 

1/4  in. 

12*24 

92.8 

88.8 

41.3 

23.8 

U.0 

9.03 

13x28 

81.1 

98.7 

33.4 

20.3 

11.0 

7.81 

UxH 

71.7 

48.9 

30.9 

17.3 

9.32 

8.87 

15*30 

82.4 

42.8 

28.8 

19.2 

8.31 

l«n32 

34. t 

37.3 

23.4 

13.3 

7,43 

17*34 

48.8 

33.2 

20.7 

U.9 

8172 

■  J.W 

10*38 

41.4 

28.8 

28.3 

10.8 

8.28 

5.03 

URN 

38.8 

28.8 

18.8 

9.49 

3.88 

4.71 

20O40 

>3.1 

24.0 

14.9 

8.98 

S.S1 

4.38 

21*41 

11.8 

21.7 

13.8 

7.83 

4.48 

H  V  -  a.  _  ■ 

28.0 

19.8 

12.4 

7.29 

4.82 

UtU 

28.8 

18.1 

U.S 

8.73 

4.84 

4.39 

HaW 

24.4 

18.8 

10.4 

■WJ 

4.33 

4,37 

UtSO 

22.3 

15.3 

9.38 

■o 

4.47 

4.22 

58*31 

20.8 

14.2 

4.04 

HBH*  1 

4.40 

4.24 

17*34 

18.3 

13.2 

8.23 

— 5733 

4.39 

4.01 

28*58 

17.9 

12.2 

7.73 

3.29 

4.38 

3.74 

mu 

18.7 

11.4 

7.27 

3.07 

4.37 

3.30 

30*10 

13.8 

10.7 

8.88 

4.88 

4.31 

3.28 

31*61 

14.8 

9.88 

8.37 

4.87 

4.23 

3.09 

37*84 

13.7 

9.38 

6.32 

4.38 

4.00 

2.93 

UrU 

12.9 

8.80 

_ 8.08 

4.32 

2.83 

2.78 

NkN 

12.2 

8.31 

4.47 

3.84 

2.84 

25x70 

U.S 

7.91 

3.88 

4.41 

3.44 

2.31 

>6*72 

7.SJ 

3.47 

4.40 

3*78 

rrm 

17*74 

7.18 

3.29 

4,39 

3.U 

iB'  i  tB 

jg*n 

iSSBiiABc: 

8.88 

3.12 

4.38 

97 

■ :  i  ?  fc 

8.24 

8.62 

4.98 

4.37 

2.84 

IB 1  Tm 

*0x80 

8.78 

6.42 

4.81 

2.72 

^F?  ITlfei 

43*82 

8.37 

!  8.23 

4.87 

■o 

2.80 

1.89 

42*84 

8.03 

8.03 

4.80 

4.23 

2.50 

1.80 

•hnu  to  th«  right  end  balov  tha  tMwtl  dividing  Un*  bvhava 
according  to  largo  dofloctlen  »’.«ti  theory. 
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Table  l.  Continued 


(•  -  long  dimension  of  floes  pone  (ln,)j  b  ■  short  d lawns Ion  of 

gloss  pom  (In.)) 


ASPECT  RATIO  *  1.00 


Class 

Site, 

Static  Design  Strength  (pel)  for  s  Window  Thickness,  t 

,  of  •* 

b  x  a 
(In.) 

3/4  in. 

5/8  In. 

1/2  In. 

3/8  In. 

5/16  m. 

1/4  In. 

12x36 

r.i 

55.4 

34.5 

19.8 

10.8 

7.53 

13x39 

69.1 

47.2 

29,< 

16.9 

9.18 

6.42 

14x42 

59.6 

40.7 

25.4 

14.5 

7.92 

5.57 

15x45 

51.3 

35.4 

22.1 

12.7 

6.90 

4.94 

16x48 

45  6 

31.2 

19.4 

11.1 

6.06 

4.42 

17x51 

40.4 

27.6 

17.2 

9.86 

5143 

3.98 

18x54 

36.1 

24.6 

15.3 

8.79 

4.92 

3.61 

19x57 

32.4 

22.1 

13.8 

7.89 

4.48 

S.M 

20x60 

29.2 

19.9 

12.4 

7.12 

4.10 

3.01 

21x63 

26.3 

18.1 

11.3 

6.46 

3.77 

2.80 

22x66 

24.1 

16. 3 

10.3 

5.88 

3.48 

2.61 

23x69 

22.1 

15.1 

9.40 

5.44 

3.22 

2.44 

24x72 

20.3 

13.8 

8.63 

5.06 

3*00 

2.29 

25x75 

18.7 

12.8 

7.95 

4.71 

T.I! 

2.15 

26x78 

17.3 

11.8 

7.33 

4.40 

2.66 

2.08 

27x81 

16. C 

10.9 

6.82 

4.13 

2.51 

2.01 

28x84 

14.9 

10.2 

6.34 

3.88 

2.38 

1.95 

29x87 

13.9 

9.48 

5.91 

2.26 

1.89 

30x90 

13.0 

8.86 

5.56 

r.U  " 

2.14 

1.83 

31x93 

12.2 

8.30 

5.26 

3.25 

2.08 

1.80 

32x96 

11.4 

7.79 

4.98 

3.08 

2.03 

1.78 

33x99 

10.7 

7.32 

4.72 

2.93 

1.97 

1.76 

34x102 

10.1 

6.90 

4.48 

2.80 

1.92 

1.77 

(o  *  long  dimension  of  floss  pone  (In.);  b  -  short  dloenslon  of 

gloss  pone  (ln.» 


ASPECT  RATIO  -  4.00 


Glass 

SUo, 
b  x  a 
(In.) 

Static  Dealgn  Strength  (pel)  for  a  Window  Thickness,  t 

,  of  -- 

3/4  m. 

5/8  In. 

1/2  In. 

3/8  In. 

5/16  In. 

1/4  In. 

12x48 

75.7 

51.7 

32.2 

18.5 

10.1 

7.02 

13x52 

64.5 

44.0 

27.5 

15.7 

8.57 

5.99 

14x56 

5S;6 

38.0 

23.7 

13.6 

7.39 

5.16 

15x60 

48.5 

33.1 

20.6 

11.8 

6.43 

4.52 

16x64 

42.6 

29.1 

18.1 

10.4 

5.66 

3.99 

17x68 

37.7 

25.8 

16.1 

9.20 

5.01 

3.56, 

18x72 

33.7 

23.0 

14.3 

8.20 

4.49 

3.19 

19x74 

30.2 

20.6 

12.9 

7.36 

4.05 

2.87 

20x80 

27,3 

18.6 

11.5 

6.65 

3.67 

2.66 

21x84 

24.7 

16.9 

10.5 

6.03 

3.34 

2.37 

22x88 

22.5 

15.4 

9.59 

5.49 

3-06 

2.18 

23x92 

20.6 

14.1 

8.77 

5.03 

2.81 

2.02 

24x96 

18.9 

12.9 

8.CS 

4.63 

2.59 

1.88 

25x100 

17.5 

11.9 

7.42 

4.28 

2.39 

1.76 

26x104 

16.1 

11.0 

6.86 

3.97 

1.6b 

27xlC8 

15.0 

10.2 

6.36 

3.70 

ft  09 

1.57 

28x112 

13.9 

9.49 

5.92 

3.45 

1.96 

1.49 

29x116 

13.0 

8.85 

5.52 

3.22 

1.84 

1.41 

>  30x120 

1 

12.1 

8.27 

5.15 

3.02 

1.75 

1.34 

♦Pane*  to  the  right  'uid  below  the  stepped  dividing  line  bchovo 
scccralng  to  large  deflection  plots  cheery. 
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Table  2.  Minimus  Design  Thicknesses,  Clearances, 
and  Bite  Requirements 


Glass 
Thickness 
(Nominal) 
in  sbs 

Actual  Glass 
Thickness  For 
Design,  t 
(in) 

"A" 

Minimum 

Edge 

Clearance 

(in) 

"B" 

Nominal 

Bite 

(in) 

"C" 

Minimum 

Face 

Clearance 

(in) 

5/32 

4.0 

0.149 

3/16 

1/2 

1/8 

3/16 

5.0 

0.180 

3/16 

1/2 

1/8 

1/4 

6.0 

0.219 

1/4 

1/2 

1/8 

3/8 

10.0 

0.355 

5/16 

1/2 

3/16 

1/2 

12.0 

0.469 

3/8 

1/2 

1/4 

5/8 

16.0 

0.594 

3/8 

1/2 

1/4 

3/4 

19.0 

0.719 

3/8 

1/2 

5/16 

6 


Table  3.  Maximum  (b/t)  Ratio  for  Linear  Plate  Behavior 
Under  Blast  Load  and  Coefficients  for 
Resistance  and  Deflection  and  Fundamental 
Period  of  Simply  Supported  Glass  Plates 
Based  on  Small  Deflection  Theory 
(No  Tensile  Membrane  Behavior) 


Aspect 

Ratio, 

a/b 

Maximum 

(b/t) 

Ratio 

Design  Coefficients 

Design 

Resistance, 

C 

r 

Design 

Deflection, 

<t> 

Fundamental 
Period  of 
Vibration, 

CT 

1.0 

53.6 

5.79  x  104 

2.58  x  10‘4 

5.21  x  10"3 

1.2 

59.0 

4.42  x  104 

2.72  x  10"4 

6.30  x  10“3 

1.4 

63.9 

3.68  x  104 

2.83  x  10"4 

7.21  x  10‘3 

1.5 

66.2 

3.36  x  104 

2.88  x  10~4 

7.60  x  10“3 

1.6 

67.9 

3.22  x  104 

2.91  x  10"4 

7.99  x  10"3 

1.8 

71.3 

2.91  x  104 

2.98  x  10'4 

8.65  x  10"3 

2.0 

74.7 

2.72  x  104 

3.02  x  10"4 

9.23  x  10“3 

3.0 

84.3 

2.32  x  104 

3.12  x  10“4 

10.12  x  10'3 

4.0 

89.4 

2.24  x  104 

3.15  x  10-4 

10.36  x  10~3 

cc 

89.4 

2.24  x  104 

3.15  x  10“4 

10.44  x  10“3 

Table  4.  Coefficients  for  Fr^ae  Loading 


•/b 

h 

C 

X 

cy 

| 

0.065 

0.495 

0.495 

1.10 

0.070 

0.516 

0.51* 

1.20 

C  .074 

0.535 

0.533 

1.30 

0.079 

0.554 

0.551 

1.40 

0.083 

0.570 

0.562 

1.50 

0.085 

0.581 

0.574 

1.60 

0.086 

0.590 

0.583 

1.70 

0.088 

0.600 

0.591 

1.80 

0.090 

0.609 

0.600 

1.90 

0.C91 

0.616 

0.607 

o 

0.092 

0.623 

0.614 

m 

0.093 

0.644 

0.655 

4.00 

0.094 

0.687 

0.685 
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Table  J5.  Statistical  Acceptance  and  Rejection  Coefficients 


«r 
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T»Ma  6.  Fimdaaantal  Parted  of  Vibration,  T  ,  for  Monolithic  Taaparad 
Glaaa  n 


Aapact  Ratio  •  1.00 


Glaaa 

OtMnalona 


(In.) 


Fundaaantal  Period  of  Vibration  (a»ac)  for  Window 
Thlcknaaeaa,  t,  of  — 


b 

a 

3/4  In. 

S/S  in. 

1/2  tn. 

3/8  in. 

3/16  tn. 

1/4  In 

12 

12 

1.05 

1.27 

1.61 

2.13 

2.83 

3.38 

13 

13 

1.23 

1.49 

1.89 

2.50 

3.29 

3.93 

14 

14 

1.43 

1.73 

2.19 

2.89 

3.76 

4.30 

15 

13 

1.64 

1.99 

2.52 

3.30 

4.39 

3.09 

16 

16 

1.87 

2.26 

2.87 

3.72 

4.93 

3.68 

17 

17 

2.11 

2.55 

3.23 

4.17 

5.33 

6.27 

18 

18 

2.37 

2.86 

3.63 

4.63 

6.12 

6.84 

19 

19 

2.64 

3.19 

4.02 

5.10 

6.71 

7.42 

20 

20 

2.92 

3.54 

.  4.43 

5.77 

7.30 

8.08 

21 

21 

3.22 

3.90 

4.86 

6.32 

7.89 

8.76 

22 

22 

3.53 

4.28 

5.30 

6.89 

8.44 

9.45 

23 

23 

3.86 

4.68 

5.75 

7.48 

9.06 

10.2 

24 

24 

4.21 

5.07 

6.23 

8.07 

9.72 

10.9 

23 

25 

4.56 

5.47 

6.70 

8.65 

10.4 

11.6 

26 

26 

4.94 

5.89 

7.40 

9.25 

11.1 

12.3 

27 

27 

5.32 

6.33 

7.94 

9.84 

11.8 

13.1 

28 

28 

5.72 

6.77 

8.50 

10.4 

12.5 

13.8 

29 

29 

6.12 

7.23 

9.07 

11.0 

13.2 

14.6 

30 

30 

6.52 

7.70 

9.65 

11.5 

14.0 

IS.  3 

31 

31 

6.93 

8.17 

10.3 

12.2 

14.7 

16.1 

32 

32 

7.^6 

8.64 

10.8 

12.8 

15.4 

16.9 

33 

33 

7.00 

9.41 

U.4 

13.5 

16.1 

17.8 

34 

34 

8.24 

9.95 

12.0 

14.2 

16.9 

18.6 

35 

35 

8.70 

10.5 

12.6 

14.9 

17.7 

19.4 

36 

36 

9.17 

11.1 

13.2 

15.6 

18.4 

20.2 

37 

37 

9.64 

11.6 

13.8 

16.3 

19.2 

21.0 

38 

38 

10.1 

12.2 

14.3 

17.0 

20.0 

21.9 

39 

39 

11.0 

12.8 

14.9 

17.7 

20.9 

72.5 

40 

40 

11.4 

13.4 

15.5 

18.5 

21s? 

23.6 

41 

41 

12.0 

14.0 

16.1 

19.2 

22.5 

24.5 

42 

42 

12.5 

14.6 

16.8 

19.9 

23.3 

25.4 

43 

43 

13.1 

15.2 

17.4 

20.6 

24.1 

26.3 

44 

44 

13.6 

15.8 

18.1 

21.3 

25.0 

27.2 

45 

45 

14.2 

16.4 

18.3 

22.1 

25.8 

28.1 

46 

46 

14.8 

16.9 

19.5 

22.8 

26.7 

29.0 

67 

47 

15.4 

17.5 

20.2 

23.6 

77.5 

29.9 

48 

48 

16.0 

18.1 

20.9 

24.4 

28.4 

30.8 

49 

49 

16.6 

18.7 

21.6 

25.2 

29.3 

31.7 

50 

50 

17.2 

19.2 

22.3 

26.0 

30.2 

32.6 

51 

51 

17.7 

19.8 

23.0 

26.6 

31.1 

33.5 

52 

52 

18.3 

20.4 

23.8 

27.6 

32.0 

34.4 

S3 

.53 

19.0 

21.1 

24.5 

28.4 

32.9 

35.4 

54 

54 

19.5 

21.8 

25.2 

29.2 

33.7 

36.3 

55 

55 

20.1 

22.4 

26.0 

30.0 

34.6 

31.3 

56 

56 

20.7 

23.1 

26.7 

30.8 

35.5 

38.2 

57 

57 

21.3 

23.8 

27.4 

31.5 

36.4 

39.2 

58 

58 

21.8 

24.5 

28.1 

32.5 

37.3 

40.1 

59 

59 

22.4 

25.2 

28.8 

33.3 

38.2 

41.1 

60 

60 

23.0 

25.9 

29.6 

34.1 

39.2 

42.1 

I 

1 


1 
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Tabla  ft.  Tundantntal  Parlod  of  Vibration,  T_,  (or  Monolithic  Taaparad 
Claaa  (Coneimtad)  n 

Aspaat  Ratio  •  l.SO 


Class 


Diaanslons 

(In.) 


Fuel— total  Parlod  of  Vibration  (aaac)  (or  Window 
Tblcknaasat,  t,  of  — 


b 

a 

3/4  in. 

5/8  in. 

12 

18 

1.59 

1.92 

13 

19.3 

1.86 

2.26 

la 

21 

2.1ft 

2.62 

13 

22.5 

2.48 

3.00 

1ft 

24 

2.82 

3.42 

17 

25.3 

3.19 

3.8ft 

78 

27 

3.57 

4.33 

19 

28.5 

3.9ft 

4.82 

20 

30 

4.41 

5.34 

21 

31.3 

4.86 

5.89 

22 

33 

3.34 

6.4ft 

23 

34.3 

5.83 

7.0« 

2a 

3ft 

6.35 

7.69 

25 

37.5 

6.89 

8.34 

26 

39 

7.4ft 

9.02 

27 

40.5 

8.04 

9.73 

28 

42 

8.65 

10.3 

29 

43.5 

9.28 

11.2 

30 

45 

9.93 

12.0 

31 

46.5 

10.6 

12,7 

32 

40 

11.3 

13.4 

33 

49.5 

12.0 

14.1 

3a 

51 

12.8 

14.9 

35 

52.5 

13.5 

15.6 

3ft 

54 

14.3 

16.4 

37 

55.5 

15.0 

17.2 

38 

57 

15.7 

18.0 

39 

58.  S 

16.4 

18.7 

40 

60 

17.2 

20.5 

41 

61.5 

17.9 

21.4 

42 

63 

18.6 

22.3 

43 

64.5 

19.4 

23.2 

44 

6ft 

20.2 

24.2 

45 

67.5 

21.0 

25.1 

46 

69 

21.7 

2ft.  0 

47 

70.5 

22.4 

26.9 

48 

72 

24.5 

77.8 

1/2  in.  3/ft  In.  3/lfi  in.  1/a  In. 


2.43 

3.22 

4.36 

5.09 

2.8ft 

3.78 

5.12 

5.83 

3.31 

4.38 

5.84 

6.61 

3.80 

5.03 

6.56 

7.79 

4.33 

5.72 

7.32 

8  -70 

4.89 

ft. 46 

8.09 

9.63 

3.48 

7.23 

9.37 

10.5 

6.10 

7.93 

10.3 

11.3 

6.76 

8.65 

11.2 

12.1 

?.4ft 

9.40 

12.1 

13.0 

8.18 

10.2 

13.0 

14.1 

8.94 

10.9 

13.8 

15.1 

9.71 

12.4 

14.6 

16.2 

10.4 

13.3  ' 

15*5 

17.3 

11.1 

14.2 

16.5 

18.4 

11.9 

15.1 

17.6 

19. ft 

12.6 

16.0 

18.6 

20.7 

13.4 

16.9 

19.7 

21.9 

14.2 

17.8 

20.8 

23.1 

14.9 

18.5 

21.9 

24.3 

1ft.  ft 

19.3 

73.1 

25.5 

17.5 

70.2 

24.2 

26.7 

18.4 

21.1 

25.4 

27.8 

19.3 

22.1 

26.6 

29.0 

20.2 

23.2 

77.8 

30.3 

21.2 

24.3 

28.9 

31.5 

22.1 

25.3 

30.2 

32.8 

22.9 

26.4 

31.3 

34.1 

23.8 

27.5 

32.5 

35.4 

24.5 

28.6 

33.7 

36.7 

25.3 

29.7 

34.9 

38.1 

26.2 

30.8 

5ft. 1 

39.4 

27.1 

32.0 

37.4 

40.8 

28.0 

33.1 

38.7 

42.2 

29.0 

34.3 

4C  0 

43.6 

30.0 

35.5 

41.3 

45.0 

31.1 

36.7 

42.6 

46.4 
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Tab  la  I,  Niilwwttt  Rarlod  of  tlbrattoo,  T  , 
Glaaa  (Coaeiauad) 

toyact  Ratio  »  1,75 


(or  ImoUthlc  tMRwraJ 


Glaaa 

Diaaaaieaa 

(la.) 

ftwlMtntal  forioR  of  9*  brat  too  (bm 
Thleknaaaat,  t,  of  — 

te)  (or  Made* 

b 

a 

3/4  la. 

3/8  la. 

1/2  la. 

3/8  la. 

3/18  la. 

1/4  la. 

12 

21 

1.89 

2.04 

2.59 

3.42 

4.83 

5.52 

15 

21.75 

1.98 

2.40 

3.04 

4.01 

5.44 

8,37 

» 

24.5 

2.30 

2.78 

3.52 

4.85 

8.30 

7.27 

15 

28.25 

2.84 

3.19 

4.04 

5.34 

7.15 

8.20 

li 

28 

3.00 

3.83 

4.80 

8.08 

8.02 

9.52 

17 

29.75 

3.39 

4.10 

5.19 

8.88 

8.93 

10.8 

U 

31.5 

3.80 

4.80 

5.82 

7.89 

9.85 

11.7 

19 

33.25 

4.23 

5.12 

8.49 

8.57 

11.2 

12.8 

20 

35 

4.89 

5.88 

7,19 

9.41 

12.3 

13.8 

21 

38.75 

5.17 

8.21 

7.92 

10.3 

13.4 

14.8 

22 

38.5 

5.87 

8.87 

8.70 

11.  2 

14.5 

15.8 

23 

40.25 

8.20 

7.51 

9.51 

12.1 

15.8 

18.8 

24 

42 

8.75 

8.17 

10.4 

13.0 

18.8 

18.0 

25 

43.75 

7.33 

8.87 

11.2 

13.9 

17.8 

19.1 

28 

45.5 

7.92 

9.59 

12.1 

15.5 

18.8 

20.3 

27 

47.25 

8.54 

10.3 

12.9 

18.8 

19.8 

21.8 

28 

49 

9.19 

11.1 

13.8 

17.7 

20.7 

22.9 

29 

50.75 

9.88 

11.9 

14.7 

18.8 

21.8 

34.2 

30 

52.5 

10.8 

12.8 

13.8 

19.8 

23.0 

23.5 

31 

54.25 

11.3 

13.8 

18.5 

20.9 

24.2 

28.9 

32 

58 

12.0 

14*5 

17.5 

22. Q 

25.4 

28.2 

33 

57.75 

12.8 

15.4 

18.3 

22.9 

28.7 

29.8 

34 

59.5 

13.8 

18.2 

20.1 

23.9 

28.0 

30.9 

35 

81.25 

14.4 

17.1 

21.2 

24.9 

29.4 

32.3 

34 

83 

15.2 

17.9 

22.3 

25.9 

30.7 

33.8 

37 

84.75 

18.1 

18.8 

23.3 

27.0 

32.0 

35.0 

r 

88.5 

18.9 

19.8 

24.4 

28.1 

3?.4 

38.5 

39 

88.25 

17.? 

20.  ■» 

25.5 

29.3 

34.7 

38.0 

SO 

70 

18.8 

21.8 

28.8 

30.4 

38.1 

39.5 

41 

71.75 

19.5 

22.5 

27.7 

31.5 

37.4 

40.9 

42 

73.5 

20.3 

14.4 

28.7 

32.8 

38.8 

42.5 

43 

75.25 

21.2 

25.4 

29.7 

34.0 

40.2 

44.0 

44 

77 

22.1 

28.5 

30.7 

35.3 

41.8 

45.5 

45 

78.75 

23.0 

27.8 

31.7 

38.8 

43.0 

47.1 
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Table  i.  Fundamental  Hrlod  of  Vibration,  T_,  for  Monolithic  Tendered 
GUaa  (Continued) 

hapect  Katie  •  1*00 


m 


Glaaa 

OtawilaM 

fin.) 


VMaHnttl  terlod  of  Vibration  (i 
Thldmeeaee,  e,  of  — 


)  for  Window 


■ 

t*kH  4. 

tontoanntal  hri«4  of  Vibration,  t_,  tor  Monolithic  Ibaaorob 

Gloat  (ContlaotO)  " 

Aapoet  Ratio  ■  3.00 

Glut 

DUwaaUaa 

<i«.) 

toatomatal  to  riot  of  Vibration  (aaac)  tor  VlnOow 

Ihiekaoaaaa,  e,  of  •• 

1/4  in.  3/8  la.  1/2  ta.  S/S  la.  S/l«  In.  1/4  In. 


>  12 

34 

2.02 

2.43 

3.10 

4.10 

3.33 

4.44 

13 

34 

2.37 

2.17 

3.44 

4.81 

4.31 

7.74 

14 

42 

2.73 

3.33 

4.22 

3.30 

7.33 

4.02 

13 

43 

3.14 

3.83 

4.04 

4.40 

0.47 

10.3 

1« 

a 

3.40 

4.33 

3.31 

7.30 

4.67 

11.4 

17 

51 

4.04 

4.41 

4.22 

0.22 

11.1 

13.1 

lb 

34 

4.33 

3.31 

4.40 

4.22 

12.4 

14.  S 

►  » 

3* 

3.07 

4.14 

7,77 

70.3 

13.7 

14.4 

20 

40 

3.42 

4.03 

0.61 

11.4 

13.1 

10.1 

21 

43 

4.14 

7.30 

4.30 

12.4 

16.4 

14.8 

21 

44 

4.80 

0.23 

10.4 

13.0 

10.1 

21.4 

22 

44 

7.43 

0.43 

11.4 

13.0 

20.1 

23.6 

24 

71 

8.04 

4.71 

12.4 

10.3 

21.7 

23.3 

2S 

73 

8.7« 

10.4 

13.3 

it. 4 

23.3 

27.2 

24 

71 

4.44 

11*3 

14.4 

14.0 

13.3 

24.1 

27 

bl 

10.2 

12.4 

13.7 

20.4 

27.1 

31.0 

24 

84 

11.0 

13.3 

16.4 

21.0 

20.4 

32.4 

24 

87 

11.8 

14.3 

10.1 

23.3 

30.0 

34.4 

30 

40 

12.4 

13.1 

14.3 

24.0 

32.0 

34.0 

31 

43 

13.3 

14.3 

20.4 

24.4 

34.7 

30.7 

32 

44 

14.4 

17.4 

21.4 

20.4 

34.3 

40.3 

33 

44 

13.3 

10.3 

23.2 

30.3 

30.4 

41.3 

34 

102 

14.2 

14.7 

24.4 

32.0 

40.4 

44.1 

1 


Tib  It  6.  ftml— atftl  Hrloft  of  Vibration,  T_,  for  Monolithic  Taoporttf 
Olooo  (Contlooaft)  " 

ftaptct  ftatio  »  4.00 


Clou 

DtMoaloft* 

(la.) 

ftMuowtol  Tor  loft  of  Vibration  (mm)  for  Winftow 
Thlckaosaaa,  t,  of  — 

h 

0 

3/4  in. 

3/8  in. 

1/2  tn. 

3/8  ta. 

3/16  in. 

1/4  in. 

~U 

4ft 

2.04 

2.  S3 

3.21 

4.24 

3.73 

4.87 

13 

52 

2.44 

2.47 

3.77 

4.48 

4.74 

8.07 

14 

34 

2.8S 

3.43 

4.37 

3.77 

7.82 

4.36 

IS 

40 

3.27 

3.44 

3,02 

4.43 

8.48 

10.7 

u 

44 

3.72 

4.31 

3.71 

7. 34 

10.2 

12.2 

1? 

48 

4.20 

3.04 

4.44 

1.31 

U.S 

13.7 

IB 

72 

4.71 

3.70 

7.22 

4.34 

12.4 

15.3 

1* 

74 

3.23 

6.33 

8.03 

10.4 

14.3 

17.0 

20 

80 

'  82 

7.04 

8.42 

11.8 

13.4 

18.4 

21 

84 

6.41 

7.74 

4.83 

13.1 

17.4 

20.8 

22 

8ft 

7.04 

8.32 

10.8 

14.3 

14.1 

22.8 

23 

42 

7.44 

4.31 

11.8 

13.4 

20.8 

24.8 

24 

H 

8.37 

10.1 

12.8 

14.4 

,  22. 8 

24.4 

2S 

100 

4.04 

11.0 

13.4 

lft.3 

24.7 

24.1 

24 

104 

4.83 

11.4 

13.1 

14.8 

24.4 

31*3 

27 

108 

1C. 4 

12.8 

16.3 

21.3 

28.4 

33.3 

28 

112 

11.4 

13.8 

17.5 

22.4 

30.7 

33.8 

24 

116 

12.2 

14.8 

18.8 

24.5 

32.8 

38.2 

30 

120 

13.1 

13,8 

20.1 

24.2 

35.0 

40.6 

! 

J 

) 


j 


| 


i 
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Table  7.  tffeetlve  tlaatlc  Static  ftealataaee»  rtM 
Aspect  Satie  ■  1 


data  effective  tlaatlc  Static  Aaelateace  (pal)  fer 

Dtaeneloac  (la.)  Glaae  TSlcfcMaaea.  t,  of  •• 


b 

a 

3/4  la. 

S/8  lo. 

12 

12 

208 

MO 

13 

13 

173 

118 

1* 

14 

131 

103 

13 

IS 

131 

80.1 

l* 

18 

113 

78.2 

1? 

17 

102 

70.1 

18 

IS 

tl.8 

82.  S 

It 

It 

82.2 

S8.1 

20 

20 

74.2 

50.7 

21 

21 

87.3 

48.0 

22 

22 

81.3 

41.8 

23 

23 

S8.1 

38.3 

H 

24 

S1.S 

2S.2 

23 

2S 

47.  S 

32.4 

M 

2f 

43.8 

23.0 

27 

27 

40.7 

27.8 

2* 

28 

37.8 

28.2 

29 

2t 

3S.3 

24.8 

30 

30 

33.0 

23.2 

31 

31 

30.8 

21.8 

32 

32 

28.0 

20.8 

33 

33 

27.4 

18.3 

3b 

34 

28.0 

17.5 

IS 

3S 

24.8 

18.8 

36 

34 

23.8 

15.7 

37 

37 

22.5 

14.8 

38 

38 

21.5 

14.2 

3t 

St 

18.4 

13. S 

to 

40 

18.5 

13.0 

41 

41 

17.8 

12.8 

42 

42 

18.8 

12.1 

43 

43 

18.1 

11.7 

44 

44 

15.4 

11.4 

45 

43 

14.8 

11.1 

44 

48 

14.2 

10.8 

47 

47 

13.8 

10.5 

48 

48 

13.2 

10.4 

48 

48 

12.8 

10.3 

SO 

SO 

12.4 

10.2 

SI 

51 

12.1 

8.88 

S2 

32 

11.7 

9.38 

S3 

S3 

11.4 

8.18 

54 

54 

11.2 

3.84 

SS 

SS 

10.8 

8.52 

Si 

58 

10.7 

8.21 

57 

ST. 

10.5 

7.82 

S8 

58 

10.4 

7.84 

St 

St 

1C.  3 

7.4 

to 

80 

Id.  2 

7.1 

2  In. 

3/8  In. 

5/18  in. 

1/4  In. 

87.7 

30.3 

27.3 

18.1 

74.7 

42.8 

23.8 

16.3 

84.S 

38.8 

21.1 

14.2 

■  '  '  W§| 

32.2 

17.5 

12.7 

v  i 

28.3 

15.3 

11.6 

y  i  mm 

25.3 

13.8 

10.7 

lT"  1  I^H|| 

23.1 

12.6 

10.3 

T"  1 

U.7 

9.73 

T  1  IK 

11.0 

8.76 

28.8 

18.4 

10.4 

7.93 

26.4 

13.1 

10.2 

7.20 

24.4 

13.8 

8.31 

6.57 

22.7 

12.8 

8.71 

6.01 

21.2 

12.2 

8.01 

5.58 

18.8 

11.3 

7.38 

5.19 

17.3 

11.0 

8.83 

4,87 

18.2 

10.5 

8.33 

4.53 

15.1 

10.3 

3.88 

4.23 

14.2 

10.2 

5.53 

3,98 

13.4 

8.81 

3.22 

3.74 

12.8 

8.00 

4.85 

3.51 

12.2 

8.45 

4.88 

3.31 

11.7 

7.85 

4.42 

3,14 

11.3 

7.48 

4.18 

2.80 

10.8 

7.08 

3.88 

2.82 

10.5 

8.87 

3.75 

2.87 

10.4 

0.31 

3.57 

2.54 

10.3 

5.88 

3.38 

2.42 

10.1 

5.70 

3.24 

2.30 

8.58 

5.45 

3.08 

2.19 

8.12 

5.22 

2.98 

2.08 

8.88 

5.02 

2.83 

2,00 

8.2t 

4.83 

2.70 

1.82 

7.82 

4.83 

2.38 

1.84 

7.57 

4.43 

2.48 

1.77 

7.24 

4.25 

2.38 

1  70 

8.83 

4.08 

2.28 

1.64 

8.84 

3.82 

2.20 

1  58 

8.37 

3.77 

2.11 

1.52 

6.11 

3.63 

2.04 

1.47 

S.S7 

3.50 

1.98 

1.42 

S.67 

3.37 

1.90 

1.34 

S.48 

3.26 

1.83 

1.33 

5.30 

3.15 

1.77 

1.29 

S.14 

3.05 

1.72 

1.25 

4.88 

2.85 

1.66 

1.21 

4.8S 

2.85 

1.61 

1.17 

4.70 

2.76 

1.56 

1.14 

4,55 

2.67 

1.52 

l.U 

MU  7.  (((Mttu  Clastic  Static  Mlitnct,  r|ff  (Continued) 


Aiftct  Katie  •  1.15 


Ql«M 

MamtoM  (la.) 


If (active  Clastic  Static  ftaalatanct  (pa>)  (or 
Claaa  Thtcfcnesaea,  t,  o(  — 


b 

a 

3/6  In. 

5/8  in. 

12 

IS 

156 

105 

15 

16.25 

131 

16.5 

16 

17,50 

113 

77.2 

IS 

18.75 

68. S 

67.2 

16 

20 

86.6 

56.1 

17 

21.25 

76.7 

52.6 

IS 

22.50 

66.6 

66.7 

1* 

23.75 

61> 

61.6 

20 

25 

55.6 

37.8 

21 

26.25 

50.3 

36,3 

22 

27.50 

63.6 

31.3 

25 

78.75 

61.6 

28.6 

26 

30 

38.3 

26.3 

25 

11,25 

35.5 

26.2 

76 

,:.so 

32.1 

2.  .6 

27 

33.75 

30.6 

20.8 

29 

35 

28.3 

16.5 

» 

56.25 

28.6 

18.6 

10 

57.50 

26.6 

17.6 

31 

38.75 

23.1 

16.6 

32 

60 

21.7 

15.6 

33 

61.25 

20.6 

16.6 

36 

62.50 

16.6 

16.2 

35 

63.75 

15..  5 

13.6 

36 

65 

17,6 

12.0 

37 

66.25 

16.8 

11.3 

38 

67.50 

16.1 

11.0 

35 

68.75 

13.5 

10.6 

60 

>0 

16.8 

10.1 

61 

51.25 

16.3 

6.71 

62 

52.50 

13.6 

6.36 

63 

53.75 

13.6 

6.U1 

6* 

55 

11.6 

8.78 

65 

56.25 

11.6 

8.57 

66 

57.50 

11.0 

8.38 

i>7 

58.73 

10.3 

8.26 

68 

60 

10.3 

8.17 

66 

61.25  • 

6.63 

8,11 

50 

62.50 

6.60 

8.06 

51 

63.75 

6.26 

7.63 

52 

65 

6.02 

7.80 

53 

66.25 

8.82 

7.68 

1/2  la. 

3/8  tn. 

5/16  tn. 

1/6  la. 

63.5 

37.5 

20.5 

15.2 

55.8 

32,0 

17.6 

13.3 

68.1 

27.6 

15.8 

11. 0 

61.6 

26.0 

16.2 

6.66 

38.8 

21.1 

11.6 

6.61 

32.6 

16.0 

10.  C 

6.36 

26.1 

17.2 

6.76 

6.12 

26.1 

15.6 

6.66 

7.64 

23.6 

16.6 

8.50 

7.66 

21.6 

13.6 

8.16 

4.73 

.  16.7 

11.6 

6.07 

4.11 

18.2 

10.6 

7.76 

3.57 

17.0 

10.1 

7.66 

5.06 

IS.* 

6.60 

6.61 

6.68 

16.6 

8.66 

6.27 

6.31 

16.1 

6.33 

5.76 

6.00 

13.6 

8.25 

3.37 

3.73 

11.7 

6.16 

6.66 

3.66 

11.0 

6.06 

6.63 

3.38 

10.6 

7.62 

6.36 

3.06 

6.61 

7.62 

6.07 

2.62 

6.61 

7.21 

3.66 

2.74 

8.66 

6.75 

3.62 

2, Cl 

<,.70 

6.35 

3.63 

2.67 

8.65 

5.66 

3.26 

2.36 

8.25 

3.66 

3.10 

2.22 

8.16 

5.35 

2,66 

2.12 

6.06 

5.07 

2.67 

2.01 

7.98 

6.81 

2.46 

1.61 

7,11 

6.57 

2.57 

1.82 

7.66 

6.36 

2.65 

1.76 

7.63 

6.16 

2.36 

1.66 

7.06 

3.96 

2.25 

1.56 

6.72 

3.76 

2.14 

1.52 

6.62 

3.63 

2.07 

1.66 

6.16 

3.69 

1.68 

1.60 

5.88 

3.36 

1.60 

1.36 

5.63 

3,23 

1.83 

1.26 

5.36 

3.12 

1.76 

1.23 

5.18 

3.01 

1.66 

1.20 

6.67 

2.90 

1.63 

1.16 

6.78 

2.80 

1.57 

1.12 
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Tabic  7.  EffMtlw  Klaatic  Static  to  ait  tinea,  r|f{  (Continual) 
AapteC  totlo  ■  1.50 

Clasa  effective  Klaatlc  Seatlc  toalataaca  (pal)  for 

Dtaanalona  (In.)  Claaa  Thlckneaaea,  t,  of  *• 


b 

a 

3/4  in. 

5/8  in. 

1/2  in. 

3/8  in. 

5/16  in. 

1/4  in. 

12 

18 

123 

63.8 

52.3 

29.9 

16.3 

11.9 

13 

19.  "*0 

105 

71.4 

44.5 

25.5 

13.9 

10.5 

14 

21 

90.2 

61.6 

38.4 

:22.0 

12.3 

9.43 

15 

22.50 

78.6 

53.6 

33.4 

19.2 

11.1 

7.86 

16 

24 

69.1 

47.2 

29.4 

16.8 

10.1 

7.16 

17 

25.50 

61.2 

41.8 

26.0 

14.9 

9.31 

6.56 

18 

27 

54.6 

37.3 

23.2 

13.3 

7.83 

6.25 

19 

28.50 

33.4 

20.  S 

12.3 

7.24 

6.30 

30 

44.2 

30.2 

18.8 

11.4 

6.71 

6.23 

21 

31.50 

40.1 

27.4 

17.1 

10.6 

6.37 

5.91 

22 

33 

36.5 

24.9 

15.6 

9.86 

6.16 

5.36 

23 

34.50 

33.4 

22.8 

14.23 

9.32 

6.35 

4.86 

24 

36 

30.7 

21.0 

13.1 

7.99 

6.21 

4.44 

25 

37.50 

28.3 

19.3 

12.4 

7.56 

5.94 

4.08 

26 

39 

7.6.2 

17.9 

11.7 

7.13 

5.51 

3.75 

27 

40.50 

24.3 

16.6 

11.0 

6.75 

5.06 

3.47 

28 

42 

22.6 

15.4 

6.46 

4.68 

3.21 

29 

43.50 

21.0 

14.4 

9.89 

6.28 

4.35 

2.99 

30 

45 

19  7 

13.4 

9.42 

6.18 

4.05 

2.79 

31 

46.50 

18.4 

12.8 

9.16 

6.33 

3.78 

2.61 

32 

48 

17.3 

12.2 

7.90 

6.32 

3.54 

2.45 

33 

49.50 

16.2 

11.6 

7.57 

6.11 

3.32 

2.33 

34 

51 

15.3 

11.1 

7.24 

5.92 

3.12 

2.21 

35 

52.50 

14.4 

10.6 

6.94 

5.59 

2.93 

2.10 

36 

54 

13.6 

10.2 

6.66 

5.24 

2.77 

2.00 

37 

55.50 

13.0 

9.78 

6.46 

4.94 

2.62 

1.90 

38 

5' 

12.5 

9.42 

6.32 

4.67 

2.49 

1.81 

39 

58.50 

12.0 

9.21 

6.20 

4.42 

2.38 

1  '  •: 

60 

11.6 

8.03 

6.22 

4.19 

2.28 

1.64 

41 

61.50 

11.2 

7.78 

6.33 

3.98 

2.18 

1.57 

42 

63 

10.8 

7.52 

6.36 

3.78 

2.09 

1.49 

43 

64.50 

10.4 

7.26 

3.60 

2.01 

1.42 

44 

66 

10.1 

7.02 

6.05 

3.43 

1.92 

1.36 

45 

67.50 

9.71 

6.79 

5.91 

3.77 

1.84 

46 

69 

9.42 

6.57 

5.65 

3.13 

1.77 

1.25 

47 

70.50 

9.25 

6.45 

5.39 

2.99 

1.70 

1.20 

48 

72 

8.12 

6.33 

5.14 

2.86 

1.63 

1.15 
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Table  7.  Effective  Elastic  Static  Resistance ,  r€ (Continued) 
Aspect  Ratio  *  1.75 


Class 

Dimensions  fin.) 


Effective  Elastic  Static  Resistance  (pel)  for 
Glass  Thicknesses ,  t,  of  — 


b 

a 

3/4  In. 

5(8  In. 

1/2  In. 

3/8  In. 

5/16  in. 

1/4  in. 

12 

21 

109 

74.2 

46.3 

■msfl 

10.2 

13 

22.75 

92.6 

63.2 

39.4 

1BTW 

8.91 

14 

24.50 

7". 9 

54.5 

34.0 

IKKBI 

8.01 

15 

26.25 

69.6 

47.5 

29.6 

17.0 

9,46 

7.32 

16 

28 

61.2 

41.7 

26.0 

14.9 

8.52 

6.20 

17 

29.75 

54.2 

37.0 

23.1 

13.2 

7.85 

5.65 

18 

31.50 

40.3 

33.0 

20.6 

11.7 

7.30 

5.19 

19 

33.25 

43.4 

29.6 

18.5 

10.67 

6.27 

4.89 

20 

35 

39.1 

26.7 

16.7 

9.71 

5.79 

4.70 

21 

36.75 

35.5 

24.2 

15.1 

8.96 

5.38 

4.64 

22 

38.50 

32.4 

22.1 

13.8 

8.36 

5.05 

4.50 

23 

40.25 

29.6 

20.2 

12.6 

7.87 

4.84 

4.31 

24 

42 

27.2 

18.6 

11.6 

7.43 

4.70 

4.02 

25 

43.75 

25.1 

17.1 

10.7 

7.11 

4.65 

3.79 

26 

45.50 

23.2 

15.8 

9.97 

6.17 

,  4,54 

3.51 

27 

47.25 

21.5 

14.7 

9.37 

5.82 

4.41 

3.24 

28 

49 

20.0 

13.6 

8.83 

5.52 

4.19 

3.00 

29 

50.75 

18.6 

12.7 

8.38 

5.23 

3.96 

2.78 

30 

52.50 

17.4 

11.9 

8.01 

5.02 

3.77 

2.60 

31 

54.25 

16.3 

11.1 

7.66 

4.86 

3.53 

2.43 

32 

56 

15.3 

10.4 

7.35 

4.73 

3.30 

2.29 

33 

57.75 

14.4 

9.93 

f.ll 

4.68 

3.09 

2.16 

34 

59.50 

13.5 

9.46 

6.27 

4.64 

2.90 

2.05 

35 

61.25 

12.8 

9.02 

6.00 

4.56 

2.73 

1.94 

36 

63 

12.1 

8.62 

5.74 

4.46 

2.58 

1.85 

37 

64.75 

11.4 

8.30 

5.51 

4.36 

2.44 

1.76 

38 

66.50 

10.8 

8.00 

5.30 

4.18 

2.32 

1.67 

39 

68.25 

10.3 

7.73 

5,10 

4.01 

2.21 

1.59 

40 

70 

9.91 

7.47 

4.97 

3.86 

2.11 

1.51 

41 

71.75 

9.52 

7.26 

4.85 

3.72 

2.02 

1.44 

42 

73.50 

9.15 

6.51 

4.75 

3.53 

1.93 

1.38 

43 

75.25 

8.81 

(.29 

4.70 

3.36 

1.85 

1.32 

44 

77 

8.50 

6.07 

4.67 

3.20 

1.78 

1.26 

45 

78.75 

8.24 

5.86 

4.64 

3.05 

1.71 

1.20 

« 


Table  7.  Effective  Eletelc  Static  Resistance ,  (Continued) 
Aspect  Ratio  -  2.00 


Glass  Effective  Elastic  Static  Resistance  (psl)  for 

Diaeuslons  (In.)  Glass  Thicknesses,  t ,  of  -- 


b 

a 

3/4  in. 

5/8  In. 

1/2  In. 

3/8  In. 

5/16  In. 

1/4  In. 

12 

24 

97.6 

66.6 

41.5 

23.8 

13.0 

9.05 

13 

26 

83.1 

56.7 

35.4 

20.3 

11.0 

7.81 

14 

28 

71.7 

48.9 

30.5 

17.5 

9.52 

6.87 

15 

30 

62.4 

42.6 

26.6 

15.2 

8.31 

6.29 

16 

32 

54.9 

37.5 

23.4 

13.4 

7.43 

5.81 

17 

34 

48.6 

33.2 

20.7 

11.9 

6.72 

4.98 

18 

36 

43.4 

29.6 

16.5 

10.6 

6.26 

4.54 

19 

38 

38.9 

26.6 

16.6 

9.49 

5.86 

4.19 

20 

40 

35.1 

24.0 

14.9 

8.56 

5.12 

3.93 

21 

42 

31.9 

21.7 

13.6 

7.85 

4.72 

3.74 

22 

44 

29.0 

19.8 

12.4 

7.25 

4.40 

3.59 

23 

46 

26.6 

18.1 

11.3 

6.73 

4.11 

3.48 

24 

48 

24.4 

16.6 

10.4 

6.39 

3.92 

3.42 

25 

50 

22.5 

15.3 

9.56 

6.08 

3.75 

3.33 

26 

52 

20.8 

14.2 

8.84 

5.79 

-  3.62 

3.24 

27 

54 

19.3 

13.2 

8.23 

5.15 

3.51 

3.04 

28 

S6 

17.9 

12.2 

7.73 

4.85 

3.45 

2.81 

29 

58 

16.7 

11.4 

7.27 

4.58 

3.40 

2.61 

30 

60 

15.6 

10.7 

6.86 

4.36 

3.32 

2.42 

31 

62 

14.6 

9.98 

6.57 

4.15 

3.25 

2.27 

32 

64 

13.7 

9.36 

6.32 

3.99 

3.10 

2.14 

33 

66 

12.9 

8.80 

6.08 

3.86 

2.90 

2.02 

34 

68 

12.2 

8.31 

5.87 

3.74 

2.72 

1.91 

35 

70 

11.5 

7.91 

5.66 

3.64 

2.56 

1.81 

36 

72 

10.  d 

7.53 

5.07 

3.56 

2.41 

1.72 

37 

74 

10.3 

7.18 

4.84 

3.49 

2.28 

1.63 

38 

76 

9.73 

6.86 

4.64 

3.45 

2.1 1 

1.56 

39 

78 

9.24 

6.62 

4.46 

3.41 

2.06 

1.48 

40 

80 

0.78 

6.42 

4.30 

3.36 

1.97 

1.41 

41 

82 

8.37 

6.23 

4.14 

3.30 

1.88 

1.34 

42 

84 

8.03 

6.05 

4.02 

3.25 

1.80 

1.28 

i 
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Table  7.  Effective  Elastic  Static  Resistance,  ref£  (Continued) 
Aspect  Ratio  •  3.00 


Glass  Effective  Elastic  Static  Resistance  (psl)  for 

Dimensions  (in.)  Glass  Thicknesses,  t,  of  — 


b 

a 

3/4  in. 

5/8  in. 

1/2  in. 

3/8  in. 

5/16  in. 

1/4  in. 

12 

36 

81.1 

55.4 

34.5 

19.8 

10.8 

7.53 

13 

39 

69.1 

47.2 

29.4 

16.9 

9.18 

6.41 

14 

42 

59.6 

40.7 

25.4 

14.5 

7.92 

5.57 

15 

45 

51.9 

35.4 

22.1 

12.7 

6.90 

4.94 

16 

48 

45.6 

31.2 

19.4 

11.1 

6.06 

4.42 

17 

51 

40.4 

27.6 

17.2 

9.86 

5.43 

3.98 

18 

54 

36.1 

24.6 

15.3 

8.79 

4.92 

3.61 

19 

57 

32.4 

22.1 

13.8 

7.89 

4.48 

3.15 

20 

60 

29.2 

19.9 

12.4 

7.12 

4.10 

2.86 

21 

63 

26.5 

18.1 

11.3 

6.46 

3.77 

2.64 

22 

66 

24.1 

16.5 

10.3 

5.88 

3.48 

2.45 

23 

69 

22.1 

15.1  * 

9.40 

5.44 

3.08 

2.25 

24 

72 

20.3 

13.8 

8.63 

5.06 

2.84 

2.08 

25 

75 

18.7 

12.8 

7.95 

4.71 

2.66 

1.92 

26 

78 

17.3 

11.8 

7.35 

4.40 

2.4S 

1.82 

27 

81 

16.0 

10.9 

6.82 

4.13 

2.34 

1.74 

28 

84 

14.9 

10.2 

6.34 

3.88 

2.18 

1.66 

29 

87 

13.9 

9.48 

5.91 

3.65 

2.04 

1.58 

30 

90 

13.0 

8.86 

5.56 

3.44 

1.91 

1.51 

31 

93 

12.2 

8.30 

5.26 

3.11 

1.83 

1.47 

32 

96 

11.4 

7.79 

4.98 

2.93 

1.76 

1.43 

33 

99 

10.7 

7.32 

4.72 

2.78 

1.70 

1.41 

34 

102 

10.1 

6.90 

4.48 

2.64 

1.63 

1.39 

I 
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Table  7.  Effective  Elastic  Static  Resistance,  r(f{  (Continued) 
Aspect  Ratio  «  A. 00 


Glass  Effective  Elastic  Static  Resistance  (psi)  for 

Dimensions  (in.)  Glass  Thicknesses,  t,  of  — 


b 

a 

3/4  in. 

5/8  in. 

12 

48 

75.7 

51.7 

13 

52 

64.5 

44.0 

14 

56 

55.6 

15 

60 

48.5 

33.1 

16 

64 

42.6 

29.1 

17 

68 

37.7 

25.8 

18 

72 

33.7 

23.0 

19 

76 

30.2 

20.6 

20 

80 

27.3 

18.6 

21 

84 

24.7 

16.9 

22 

88 

22.5 

15.4 

23 

92 

20.6 

14.1 

24 

96 

18.9 

12.9 

25 

100 

17.5 

11.9 

26 

104 

16.1 

11.0 

27 

13.0 

10.2 

28 

112 

13.9 

9.49 

29 

116 

13.0 

8.85 

1/2  in.  3/8  in.  5/16  in.  1/A  in. 


32.2 

18.5 

10.1 

27.5 

15.7 

3.57 

5.99 

23.7 

13.6 

7.39 

5.16 

20.6 

11.8 

6.43 

4.52 

18.1 

10.4 

5.66 

3.99 

16.1 

9.20 

5.01 

3.56 

14.3 

8.20 

4.49 

3.19 

12.9 

7.36 

4.05 

2.87 

11.6 

6.65 

3.67 

2.54 

10.5 

6.03 

3.34 

2.30 

9.59 

5.49 

3.06 

2.10 

8.77 

5.03 

2.81 

1.94 

8.05 

4.63 

2.52 

1.79 

7.42 

4.28 

2.32 

1.67 

6.86 

3.97 

2.15 

1.56 

6.36 

3.70 

2.00 

1.46 

5.92 

3.45 

1.88 

1.38 

5.52 

K  1C 

3.22 

* 

1.76 

1  ££ 

1.10 

1 

Time.T 


Center  Deflection.  X 


<b>  Blot  loading 


(c)  Rnittance  of  flu?  pine 


rtx) 


Figure  l.  Characteristic  parameters  for  glass  pane,  blast  loading, 
resistance  function  and  response  model. 
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Figure  6.  Peek  blue  pressure  capacity  for  tsmpcred  glass  panes;  a/b  «  1.25,  r  »  3/8  and  1/2  in. 
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Figure  7.  Peek  blur  pressure  capacity  for  tempered  glass  panes,  a/b  ■  1.25,  t  *  5/8  and  )/4  in. 
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Figure  14.  Peek  blur  pressure  capacity  for  tempered  glass  pane*:  s/b  *  2.00,  t  ■  1/4  ana  S/16  in. 
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Figure  16.  Peek  blur  pressure  capacity  for  tempered  glass  panes:  a/b  «  2.00,  t  *  5/<5  and  3/4  in. 
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Figure  17.  Peak  blue  pressure  capacity  for  tempered  glass  panes:  a/b  ■  3.00,  t  »  1/4  and  5/16  in. 
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Figure  21.  Peak  blast  pressure  capacity  for  tempered  glass  panes:  a/b  •  4.00,  t  *  I/S  and  1/2  in, 
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Fiftti*  22.  Peak  blast  pressure  capacity  for  tempc.ed  glass  panes:  a/b  »  4.00,  t «  S/S  and  J/4  in. 


713 


Figure  24.  Nondimcnsional  static  load-crater  deflection  relationships  for  simply 
supported  tempered  glass  (after  Moore). 


Figure  25.  Maximum  response  of  elastic  one-degree-of-freedom  system 
for  triangular  ioii  (Figu.e  J  •  49  NAVFAC  P-397  draft). 
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A  •  edge  clearance 
B  •  bite 

C  •  face  clearance 


1^1  W 


Figure  26.  Edge.  face,  and  bite  requirements. 
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MISSILE  TEST  CELL  DESIGN  LOAD 
AND  SAFE  SITING  CRITERIA 

by 


James  E.  Tancreto 

Naval  Civil  Engineering  Laboratory 
Port  Hueneme,  CA 


1.0  INTRODUCTION 


1.1  Background 


reliability  of  today's  highly  sophisticated  weapons  systems  is 
dependent  on  simulation  tests.  These  power-on,  all-up  tests  are  required 
prior  to  delivery  to  the  fleet  and  periodically  during  the  life  of  the 
missile.  The  tests  must  be  conducted  in  hardened  missile  test  cells 
(MTCs)  to  prevent  communication  of  an  accidental  explosion  to  ordnance 
outside  the  cell  and  to  limit  leakage  pressures  in  adjacent  occupied 
areas  to  less  than  2.3  psi% 

1 . 2  Problem 


Operational  requirements  make  it  highly  desirable  to  locate  the 
MTCs  directly  adjacent  to  the  Assembly  Building  work  bay.  In  most  cases, 
the  Assembly  Building  is  an  existing  unhardened  facility  with  lightweight 
metal  roofing  and  walls.  To  locate  the  MTC  nearby  the  Assembly  Building, 
the  new  MTC  must  be  designed  to  limit  the  effects  of  an  accidental  explo¬ 
sion  to  less  than  2.3  psi  on  the  unhardered  building.  At  the  desired 
short  separation  distances,  and  with  the  present  technology,  the  MTC 
would  be  required  to  almost  completely  contain  the  explosion  and  the 
resulting  long  duration  gas  pressure  loads.  The  excessive  cost  of  a 
complete  containment  test  cell  has  made  it  necessary  to  develop  new  con¬ 
cepts  for  reducing  the  effects  of  a  contained  explosion. 
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1.3  Potential  Solution 


Recent  tests  conducted  by  the  Terminal  Effects  Research  and  Analysis 
Group  (TERA)  of  the  New  Mexico  Institute  of  Mining  and  Technology,  Socorro, 
NM,  for  the  Naval  Civil  Engineering  Laboratory  (NCEL)  and  the  Naval  Sur¬ 
face  Weapons  Center  (NSWC)  have  indicated  that  vented  areas  with  frangible 
surfaces  (i,e.,  a  surface  that  is  designed  to  fail  in  an  explosion  and 
vent  the  internal  gas  pressures)  reduce  the  shock  loads  outside  a 
containment  cell.  The  reduction  has  been  so  dramatic  that  it  should  be 
possible  to  design  a  frangible  panel  with  sufficient  area  and  mass  to 
adequately  vent  gas  pressures  while  greatly  reducing  external  shock 
pressures.  The  frangible  panel  must  remain  in  place  long  enough  to 
reflect  shock  waves  back  into  the  containment  cell,  but  it  must  also 
vent  the  gas  pressures  quickly  enough  to  keep  the  gas  impulse  inside  the 
MTC  to  a  manageable  level. 

1.4  Purpose 

In  December  1985,  NCEL  conducted  tests  at  TERA  to  determine  the 
blast  environment  inside  and  outside  a  scale  model  missile  test  cell. 

The  tests  are  part  of  a  program  to  develop  Naval  Facilities  Engineering 
Command  (NAVFAC)  standards  for  missile  test  cell  designs  that  meet 
operational  requirements  of  the  Naval  Sea  Systems  Command  (NAVSEA)  and 
the  Naval  Air  Systems  Command  (NAVAIR).  Test  data  are  presented  and 
used  to  develop  design  load  and  siting  requirements  for  NAVFAC  MTCs. 


2.0  TEST  PROGRAM 

The  test  structure  was  a  1:2.6  scale  model,  reinforced  concrete, 
arch-shaped  "horseshoe"  structure.  Dimensions  are  shown  in  Figure  1. 

By  volume,  the  test  structure  is  a  1:2.54  scale  model  of  a  rectangular 

NAVFAC  Type  I  MTC.  The  important  constant  parameters  were  the  vent  area, 

2  3  ?  /3 

A  *  32  ft  ,  and  the  volume,  V  ■  920  ft  .  The  scaled  vent  area  was  A/V 

■  0.338.  Scaled  vent  areas  greater  than  this  would  result  in  greater 
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pressures  «nd  impulses  outside  the  MTC,  while  e  smaller  scaled  vent  area 
would  reduce  the  blast  environment  outside,  the  MTC.  The  values  of  fixed 
parameters  in  the  test  structure  are  as  follows; 


Parameter 


Internal  Volume,  V  (ft3) 
Vent  Area,  A  (ft2) 

Scaled  Vent  Area,  A/V2/3 
Floor  Width,  Lg  (ft) 

Floor  Length,  (ft) 

Vh. 

Initial  Vent  Area,  A  (ft2) 
No  Vent  Cover  (A  °m  A ) 
With  Vent  Cover  0 


Scal^^Initial  Vent  Area, 

°  No  Vent  Cover  (A  *  A) 
With  Vent  Cover  0 


Test  Structure 

920 

32 

0.338 

9.72 

15.42 

0.63 

32 

0.442 


0.338 

0.0047 


Variable  parameters  in  the  test  program  included  the  TNT  equivalent 

explosive  weight,  W  (pounds),  the  vent  cover  weight,  w  (psf),  and  the 

recess  of  the  vent  .'over,  x  (feet).  The  scaled  parameters  using  these 

1/3 

variables  are  the  scaled  distance  (Z  ■  R/W  ),  the  charge  density  (w/v), 

1/3 

the  scaled  covet  weight  (w  ■  w/W  ),  and  the  scaled  cover  recess 
(x  ■  x/W  ).  The  range  of  parameters  in  the  test  program  were: 


Parameter 

Range  of  Parameter 
Values  for  Model 
Test  Structure 

Explosive  Weight,  W  (lb  TNT) 

4.52  to  40.7 

1/3 

Scaled  Weight  of  Vent  Cover,  w/W  ' 

(psf /lb*^3) 

0  to  40.6 

1/3 

Scaled  Recess  of  Vent  Cover,  x/W 

(ft/lb1/3) 

0  to  0.88 
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All  vent  cover*  included  a  9-inch-diameter  (A  ■  0.442  ft2;  A  /Vfc^2 

o  o 

■  0.0047)  cutout  to  account  for  uncovered  opening*  in  the  MTC  cover. 

Table  1  summarises  the  test  program  and  the  variables  in  each  test. 
The  arch  cross  section  should  not  be  a  factor  in  applying  the  test 
results  to  rectangular  structures  provided  the  aspect  ratio  of  the  floor 
is  clo.se  to  that  of  the  model. 


3.0  TEST  RESULTS 

3. 1  External  Loads 

The  incident  blast  environment  cutside  the  MTC  was  measured  at  the 
ground  locations  shown  in  Figure  2.  Gages  are  designated  by  a  letter 
code  for  direction  ("F"  •  Front;  ”S"  •  Side;  "D"  *  Diagonal;  ”B"  ■  Back) 
and  a  number  code  for  range  (the  number  corresponds  to  one-tenth  the 
range  in  feet:  R/10).  For  example,  the  gage  designation  F8  indicates  a 
gage  to  the  front  of  the  MTC  at  a  range  of  80  feet. 

Digitized  data  results  are  summarized  in  Tables  2  through  8.  These 
tables  show  peak  pressures  and  scaled  impulses  versus  gage  location  and 

test  variables  (e.g.,  w  and  x).  Each  table  is  for  a  constant  W  and  W/V. 

2 

All  tests  used  a  vent  area  of  32  ft  but  varied  the  mass  and  recess  of 
the  vent  cover. 

Two  pressure-time  plots  at  gage  2  for  Test  10  (without  a  cover)  and 
Test  13  (with  a  cover)  are  shown  in  Figure  3.  The  two  plots  show  the 
variations  in  pressure  histories  that  are  possible  at  the  same  location 
and  for  similar  peak  pressures  and  impulses.  Use  of  an  equivalent  tri¬ 
angular  load-time  history  is  generally  conservative  and  is  sufficient 
for  all  the  data  used  in  this  report. 

The  data  in  Tables  2  through  8  are  plotted  in  Figures  4  through  19. 
Each  figure  Includes  the  hemispherical  surface  burst  curve  for  compari¬ 
son.  Figures  4  through  7  show  the  directional  effects  of  the  MTC  on  the 
blast  environment  with  no  vent  cover  (w  *  0).  Figures  8  through  10  show 
the  effect  of  charge  density,  W/V,  on  peak  pressures  and  scaled  impulses 
with  w  ■  0.  Figures  11  through  19  show  the  effect  of  vent  cover  weight, 
w,  and  recess,  x,  on  the  blast  environment. 


The  teat  results  show  that  the  tested  MTC  geonetry  and  vent  cover 
had  the  following  general  effects  on  the  external  blast  environment 
compared  to  that  from  an  unconflned  hemispherical  surface  burst  (the 
basis  for  NAVSEA  OP- 5  quantity  distance  relationships): 

1.  Front  Direction  -  significant  increase  in  pressure  and  impulse 
(over  that  of  an  unconfined  hemispherical  surface  burst)  without 
vent  cover;  increase  in  scaled  impulse  but  no  change  In  peak 
pressure  with  vent  cover. 

2.  Side  Direction  -  significant  decrease  in  pressure  and  impulse 
without  vent  cover;  variable  effect  with  ve..t  cover  although 
usually  small  for  V/V  >  0.015. 

3.  Back  Direction  -  very  significant  decrease  with  or  without  cover 
the  decrease  with  cover  was  less  (except  for  heavy  covers  and 
large  charge  densities). 


3.2  Internal  Gas  Pressure  Loads 

The  internal  gas  pressure  loads  were  measured  by  gages  Gl,  G3,  and 
G4  located  inside  the  MTC  (Figure  1).  Digitized  data  results  are  summa¬ 
rized  in  Tables  2  through  8.  The  data  results  include  peak  gas  pressure 
and  scaled  impiilse .  The  scaled  impulses ,  shown  in  these  tables  for 
comparison  only,  were  scaled  by  the  TNT  equivalent  weight  for  shock 
(W  -  1.13  x  weight  of  C4  explosive).  Scaling  by  the  gas  pressure  equiv¬ 
alent  weight  would  require  a  variable  factor  as  determined  by  the  proce¬ 
dure  in  NAVFAC  P-397.  See  Section  7.2  for  determination  of  design  gas 
pressure  loads.  The  test  results  show  that,  as  expected,  the  peak  gas 
pressure  is  a  function  of  W/V,  and  the  scaled  gas  impulse,  given  a  con¬ 
stant  vent  opening,  depends  on  the  mass  of  the  cover,  w,  and  its  recess, 
x.  The  results  show  that  the  procedure  in  NAVFAC  P-397  for  determining 
gas  pressure  and  impulse  applies  to  MTC  design.  See  Section  7.0  for  the 
internal  design  gas  pressure  and  shock  loads. 

4.0  SITING  CRITERIA 

For  the  remotely  controlled  testing  in  a  MTC,  NAVSEA  OP-5  requires 

1/3 

a  scaled  separation  distance  of  24  ft /lb  .  This  is  the  scaled  dis¬ 
tance  at  which  a  hemispherical  surface  burst  produces  a  peak  incident 


blast  ovarprcasura „  P>o»  of  2.3  pal.  because  of  the  directional  effecta 
of  the  MTC  on  the  external  blast  environment,  the  acaled  distance  to  the 
back  of  the  MTC  where  P  is  2.3  pai  is  significantly  reduced  from  that 
for  a  surface  burst.  "B"  direction  overpressure  data  are  plotted  in 
Figure  20  for  tests  without  vent  covers  (w  *  0).  An  average  slope  of 
the  data  was  determined  from  best  fit  power  curves  using  data  nearest 
2.3  psi  and  for  0.015  i  W/V  i  0.045  lb/ft1/3.  The  data  for  W/V  - 
0.005  lb/ft  were  not  used  because  the  overpressures  were  too  low 
(<  0.5  psi).  Data  used  are  identified  in  Figure  20  hy  the  solid  symbols. 
The  average  slope  was  then  used  to  derive  the  upper  bound  straight  line 
relationships  shown  in  Figure  20.  As  can  be  seen  from  the  surface  burst 
curves  in  Figures  4  through  19,  straight  line  relationships  (on  log-log 
plots)  are  accurate  for  interpolation  ofc  free-field  overpressure  data 
over  full  cycle  (factor  of  10)  ranges  of  P  .  The  Z  values  corresponding 
to  2.3  psi  from  these  upper  bound  curves  are  considered  reasonable  and 
safe  for  developing  the  siting  criteria  for  points  to  the  back  of  the 
MTC. 

The  upper  bound  Z  values  corresponding  to  PpQ  ■  2.3  psi  and  no  vent 

cover  are  plotted  against  W/V  in  Figure  21.  In  order  to  safely  account 

for  the  effects  ot  pressure  reflections  from  vent  covers,  worst  case  Z 

3 

values  from  all  cover  tests  at  W/V  values  of  0.015  and  0.045  lb/ft  were 

obtained  from  the  test  data.  The  following  table  shows  Z  values  with 

and  without  vent  covers  and  shows  their  ratio,  F  .  F  was  calculated 

r  r  3 

from  worst  case  test  data  for  W/V  ■  0.015  and  0.045  lb/ft  .  F  for 

3  r 

W/V  ■  0.025  lb/ft  (for  which  there  were  no  data  with  vent  covers)  was 

obtained  from  linear  interpolation  between  the  other  values,  and  a 

resulting  Zf,  with  cover,  was  calculated. 
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to  •  Z  for  2.3  pal;  w  ■  0,  from  Figure  20 
Zr  ■  Z  for  2.3  pal;  vorat  caaa  for  all  w  and  x 

Fr  *  VZo 

aFrom  test  data. 

^ Calculated  fro*  Z  ■  F x  Z  . 
c  r  r  o 

From  linear  interpolation  between  other  Ff  velvet. 

The  Z  values  to  limit  P  to  2.3  pal  to  the  back  of  the  MTC  are 
r  an 

plotted  in  Figure  21.  The  relationship  applies  to  the  following  ranges 
of  parameters: 


0.015  S  W/V  £  0.045  lb/ft' 
0  £  w  £  40  psf/lb^'" 


0  £  J  £  0.88  ft/lb1' J 

A/V2/3  <  0.35 
Lg/L^  -  0.63  (±10X) 
where :  Lg  •  short  floor  dimension 
*  long  floor  dimension 
and  vent  in  short  wall 


For  the  NAVFAC  Type  I  MTC,  W/V  -  0.02  Ib/f t* ,  and  from  Figure  21, 

1/3 

the  safe  Z  >r  P  “  2.3  psi  to  the  back  of  the  MTC  is  9.7  ft/lb 
80 

With  a  rated  capacity  of  300  pounds,  the  safe  distance  to  the  rear  is 
1/3 

9.7  x  300  *  65  feet  measured  from  the  outside  of  the  vented  wall. 


5.0  DESIGN  EXTERNAL  BLAST  LOADS 


Mm& at  ed  blast  loads  wire  uaod  to  darivs  design  blast  loads  In  sach 

direction  outside  the  NIC.  Results  are  shown  in  Figures  22  through  25. 

The  design  blast  loads  are  based  on  data  for  0.015  i  W/V  i  0.045  lb/ft^. 

Design  curves  are  auanarlced  in  Figure  26  for  the  design  peak  incident 

overpressu^t,  P  ,  and  in  Figure  27  for  the  design  scaled  incident 
j/y 

impulse,  i#/W  .  The  design  curves  apply  to  a  MTC  for  the  same  range 
of  paraaeters  listed  above  for  siting  the  Missile  Processing  Building. 
Note  that  siting  criteria  separation  distances  (Section  A.0)  are  expres¬ 
sed  £>s  a  function  of  charge  density  (W/V) ,  whereas  design  load  relation¬ 
ships  are  conservatively  based  on  worst  case  results  for  all  paraaeters, 
including  W/V. 


5.1  “F"  Direction 


The  blast  loads  to  the  front  of  the  MTC  ("F"  Line  in  Figure  2)  are 
enhanced  by  the  focusing  of  shock  waves  escaping  through  the  front  wall 
vent.  The  effect  is  especially  apparent  without  a  vent  cover.  Peak 
overpressures,  however,  were  essentially  equal  to  those  of  a  heaispher- 
ical  surface  burst  for  all  tested  vent  covers  (9  S  w  S  40  psf/lb  and 

_  1/4 

0  S  x  S  0.9  ft/lb  ).  Figure  22  shows  worst  case  data  and  the  upper 

bound  peak  overpressure  design  curves  recoaaended  for  points  to  the 

-  1/3 

front  of  a  MTC.  When  a  vent  cover  with  9  S  w  S  40  psf/lb  is  used, 

the  P  relationship  for  a  hemispherical  surface  burst  aay  be  used. 

80 

Scaled  impulse  data  were  also  higher  with  no  vent  cover.  Therefore,  in 
Figure  23,  two  scaled  iapulse  design  curves  are  shown  for  two  ranges  of 
scaled  cover  weight  (w). 

5 . 2  "S’*  Direction 

Worst  case  peak  overpressure  and  scaled  iapulse  to  the  side  of  the 
MTC  ("S"  Line  in  Figure  2)  are  plotted  in  Figure  2A.  Peak  overpressures, 
fro»  all  tests  (with  and  without  vent  covers)  are  adequately  described 
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by  the  hemispherical  surface  burst  relationship.  The  upper  bound  envelope 

for  scaled  impulse,  however,  deviates  iron  the  surface  burst  relationship, 
1/3 

at  Z  <  40  ft/lb  ,  as  shown  in  Figure  24. 

5.3  "B"  Direction 


The  blast  loads  to  the  back  of  the  KTC  are  less  than  those  of  a 
hemispherical  surface  burst.  Worst  case  peak  pressure  and  scaled  impulse 
data  are  plotted  in  Figure  25  for  tests  with  and  without  vent  covers. 
Recommended  design  load  curves  are  also  shown  in  Figure  28  which,  for 
all  but  a  single  point,  are  upper  bounds  on  the  pressure  and  impulse 
data. 

3*4  Design  Load  Summary 

Figures  26  and  27  summarise  the  design  loads  outside  a  MTC. 

Figure  26  presents  the  design  peak  incident  overpressure,  Pgo>  in  the 

three  major  directions  from  the  MTC.  The  range,  R  (ft),  is  measured 

from  the  outside  center  of  the  vent  cover  in  the  front  wall.  The  aid- 

range  curve  is  Identical  to  the  hemispherical  surface  burst  relationship 

for  P  and  applies  to  the  side  direction  for  all  v  and  to  the  front 
80  -  1/3 

direction  for  9  S  v  $  40  psf/lb  .  A a  shown  by  the  curve1  >  the  blast 

_  i /i 

environment  is  greatest  in  the  front  direction  with  0  £  w  <  9  psf/lb 
and  the  least  in  the  back  direction  with  or  without  a  vent  cover. 

The  scaled  Incident  impulse  design  curves  are  shown  in  Figure  27. 

Two  curves,  for  different  ranges  of  w,  are  required  to  show  the  design 
relationships  to  the  front  of  the  MTC.  The  relationships  for  the  side 
and  back  directions  apply  with  or  without  vent  covers.  The  hemispherical 
surface  burst  curve  is  shown  for  comparison. 

The  load  relationships  in  Figures  26  and  27  a z*  limited  to  the 
ranges  of  parameters  stated  in  the  Figures  and  in  Section  4.0  above. 
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6.0  INHABITED  BUILDING  QUANTITY -DISTANCE  REQUIREMENTS 

Figure  26  la  used  to  define  tha  lnhabitad  building  dlatanca  (IBD) 
la  aach  direction  fro*  NAVFAG  Type  I  (or  similar)  MTCa.  Tha  IBD  la  tha 
dlatanca  corresponding  to  P#Q  "1.2  pal.  Tha  safe  dlatanca  to  public 
traffic  routaa  la  60X  of  IBD,  in  accordance  with  NAVSEA  OP-5.  Proa 
Figure  26  you  obtain  tha  following  valuta  for  K: 

K  (ft/lb^^)*  for  Inhabited  Building  Dlatanca 


Back 


26 

^Public  traffic  route  quantity-distance  requirements  are  60X 
of  IBD  requirements. 

fragments  and  debris  from  vent  will  require  at  least 
1,250  feet  within  a  60-degree  coua  to  front  for  inhabited 
buildings  and  750  feet  to  front  for  public  traffic  routes. 


front 


0  S  w  <  9 


62 


9  £  w  <  60 
60 


Side 

\o 


7.0  DESIGN  INTERNAL  LOADS 

The  MTC  must  be  designed  to  contain  the  design  explosive  weight  of 
the  Maximum  Credible  Event  (MCE)  from  a  warhead  detonation.  The  rein¬ 
forced  concrete  roof,  sidewalls,  and  bav.kvall  must  be  designed  to  safely 
withstand  the  loads  from  a  warhead  detonation .  The  design  loads  consist 
of  the  initial  shock  wave  loads  from  the  explosive  detonation  and  the 
long  duration  gas  pressure  loach  caused  by  the  containment  of  the  products 
of  detonation. 

7. 1  Shock  Loads 

Shock  loads  are  determined  with  the  computer  program  IMPRESS. 

IMPRESS,  developed  by  Ammann  and  Whitney  Conrultiug  Engineers  for 
ARRADCOM,  la  the  basis  for  the  internal  shock  loads  provided  in  the 
revised  NAVFAC  P--397  Design  Manual.  The  MTC  geometry  and  envelope  of 
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MCE  locations  are  used  to  determine  the  critical  location  of  the  explo¬ 
sive.  The  TNT  equivalent  explosive  weight  for  shock  pressure  is  deter¬ 
mined  and  a  1.2  factor  of  safety  is  applied  to  obtain  the  explosive 
weight: 

^DESIGN  "  ^  x  Equi/alency  x  1.2 

IMPRESS  or  NAVFAC  P-397  may  be  used  to  obtain  an  idealized  triangular 
design  shock  load  with  peak  pressure  B,  and  duration  as  shown  in 
Figure  28. 

7.2  Gas  Pressure  Loads 


Containment  of  the  products  of  detonation  creates  a  relatively  low 
pressure  and  long  duration  gas  pressure  loading.  NCEL  has  developed  a 
computer  program  using  theoretical  and  empirical  methods  to  determine 
the  gas  pressure  loading.  The  computer  program,  REDIPT,  is  described  in 
a  paper  presented  at  the  21st  DDESB  Seminar:  "Effect  of  Frangible  Panels 
on  Internal  Gas  Pressures,"  by  J.E.  Tancreto  and  E.S.  Helseth,  August 
1984.  The  revised  NAVFAC  P-397  Design  Manual  uses  data  plots  from  REDIPT 
as  the  design  Internal  gas  pressure  loads  for  containment  structures. 

The  TNT  equivalent  explosive  weight  for  determining  gas  pressures 
is  calculated  from  the  ratios  of  heats  of  combustion  and  heats  of  detona¬ 
tion  as  shown  in  NAVFAC  P-397.  A  1.2  factor  of  safety  is  applied  when 
determining  structural  design  leads.  The  design  equivalent  weight  for 
gas  pressure  loads  is  calculated  from  the  product  of  the  actual  explosive 
weight,  the  TNT  equivalency,  and  the  factor  of  safety,  as  in  the  equation 
given  above  for  shock  pressure  design  explosive  weight.  The  design  charts 
in  NAVFAC  P-397  are  then  used  to  calculate  the  idealized  gas  pressure 
loading  with  peak  pressure  Bj  and  duration  T2  as  shown  in  Figure  28. 

7.3  Combined  Total  Internal.  Design  Load 

Due  to  the  methods  used  in  experimentally  measuring  gas  pressure, 
the  shock  and  gas  pressure  triangular  load-histories  should  be  merged, 
as  shown  in  Figure  28,  rather  than  added.  A  bilinear  load  function 
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results  with  a  maximum  pressure  ■  at  T  ■  0  and  a  duration  of  The 
intersection  of  the  shock  and  gas  pressure  triangular  load  functions  is 
at  the  Bi ,  point: 


Ti  ■ 


(B1  -  V  *1  T2 

(B1  T2  -  B2  V 


or 


(B  -  B,)  T, 

irvv; , 
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Table  1.  MTC  Test  Parameters 


NCEL 
Test  No. 

V 

(lb) 

W/V 

(lb/ft* ) 

w 

(psf  ) 

(psf/lb1/3> 

X 

(ft) 

(ft/lb1/3 

101 

4.52 

0.005 

0C 

0 

0 

0 

2 

4.52 

0.005 

31.25 

18.90 

0.0625 

0.03 

3 

4.52 

0.005 

31.25 

18.90 

0.79 

0.47 

4 

4.52 

0.005 

31.25 

18.90 

1.45 

0.87 

5 

4.52 

0.005 

67.2 

40.64 

1.45 

0.87 

6 

13.56 

0.015 

0 

0 

0 

0 

106 

13.56 

0.015 

0 

0 

0 

0 

18 

13.56 

0.015 

31.25 

13.10 

0.0625 

0.02 

19 

13.56 

0.015 

31.25 

13.10 

1.66 

0.69 

7 

13.56 

0.015 

47.7 

20.00 

0.094 

0.03 

8 

13.56 

0.015 

47.7 

20.00 

1.05 

0.44 

9 

13.56 

0.015 

91.4 

38.33 

2.1 

0.88 

109 

22.6 

0.025 

0 

0 

0 

0 

10 

40.7 

0.045 

0 

0 

0 

0 

11 

40.7 

0.045 

31.25 

9.08 

0.0625 

0.01 

12 

40.7 

0.045 

31.25 

9.08 

1.66 

0.48 

13 

40.7 

0.045 

67.2 

19.53 

0.135 

0.03 

14 

40.7 

0.045 

67.2 

19.53 

1.66 

0.48 

17 

40.7 

0.045 

134 

38.96 

1.66 

0.48 

aw  -  w/W1/3 
bi  -  x/WJ/3 

Q 

Zero  indicates  uo  cover  over  vent  opening. 


731 


Table  2.  Peak  Pressure  (W  *  4.52  lb;  W/V 


0.005  lb/ft3) 


Gage 

Scaled 
Distance,  Z 

<ft/lbl/3) 

Peak  Pressures  (psi)  for  NCEL  Test 

Nos. — 

101a 

2b 

3C 

5® 

External  Incident  Pressures,  P 

*  so 

FI 

6.06 

43.4 

11.5 

9.35 

21.9 

18.4 

F2 

12.1 

18.6 

4.39 

3.96 

9.58 

7.41 

F3 

24.2 

3.92 

1.17 

1.1 

0.85 

0.63 

F8 

48.5 

0.93 

0.58 

0.57 

0.47 

0.44 

F12 

72.7 

0.47 

0.42 

0.34 

0.29 

0.31 

SI 

6.06 

8.86 

4.63 

5.13 

21.5 

20.8 

S2 

12.1 

4.14 

2.55 

2.48' 

14.3 

11.1 

S4 

24.2 

1.01 

1.18 

0.69 

1.0 

1.08 

S8 

48.5 

0.49 

0.31 

0.3 

0.37 

0.54 

D2 

12.1 

1.18 

1.35 

0.92 

1.37 

1.62 

D4 

24.2 

0.44 

0.73 

0.41 

0.53 

0.57 

D8 

48.5 

0.22 

0.3 

0.23 

0.24 

0.27 

B2 

12.1 

0.52 

0.67 

0.58 

0.67 

0.55 

B3 

18.2 

0.42 

0.49 

0.48 

0.53 

0.4 

B4 

24.2 

0.25 

0.3 

0.4 

0.33 

0.28 

B8 

48.5 

0.21 

0.21 

0.35 

0.23 

0.2 

Internal  Gas  Pressures,  P 

s 

G1 

f 

31 

41 

46 

49 

48 

G3 

f 

24 

— 

— 

45 

44 

G4 

f 

26 

38 

41 

48 

47 

No  cover, 
b- 

w  -  18.9; 

x  ” 

0.04 

Cw  *  18.9; 

x  * 

0.48 

d- 

_ 

w  “  18.9; 

x  ■ 

0.88 

ew  *  40.6; 

X  * 

0.88 

^Internal  gas  pressure  gage  on  wall.  Distance  not  a  factor. 
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Table  3.  Scaled  Impulse  (W  -  4.52  lb;  W/V  -  0.005  lb/ft3) 


- - -pj - 

Scaled  Impulse  (psl-ms/lb  ) 

Gage  Distance,  Z 

for  NCEL  Test  Nos. — 

(ft/lbl/3) 

101a  2^  3C  4d  5e 

- J7J 

External  Incident  Impulse,  i  /W 

1  S 


FI 

6.06 

51.65 

17.53 

16.32 

59.27 

41.73 

F2 

12.1 

26.61 

7.31 

9.07 

31.45 

30.84 

F4 

24.2 

9.07 

3.02 

3.20 

3.32 

3.14 

F8 

43.5 

2.96 

1.63 

1.75 

1.66 

1.69 

F12 

72.7 

2.41 

1.02 

1.14 

1.08 

1.02 

SI 

6.0(j 

7.01 

7.37 

9.67 

36.89 

30.84 

S2 

12.1 

5.56 

4.53 

5.92 

26.00 

18.99 

S4 

24.2 

3.08 

2.54 

2.47 

2.29 

1.69 

S8 

48.5 

1.51 

1.08 

1.14 

1.08 

0.90 

D2 

12.1 

2.72 

3.02 

2.84 

2.90 

2.05 

D4 

24.2 

1.75 

1.75 

1.63 

1.57 

1.33 

D8 

48.5 

0.96 

0.96 

0.90 

0.90 

0.78 

B2 

12.1 

1.99 

2.35 

2.05 

2.17 

1.63 

B3 

18.2 

1.93 

2.05 

2.41 

2.35 

2.11 

B4 

24.2 

1.27 

1.93 

1.75 

1.63 

1.39 

B8 

48.5 

0.84 

1.08 

1.02 

1.02 

0.78 

Internal  Gas  Impulse, 

i  /W1/3 
g 

G1 

f 

115 

549 

682 

780 

986 

G3 

f 

191 

— 

— 

702 

898 

G4 

f 

215 

505 

641 

721 

961 

cover. 


■  18.9;  x  *  0.04. 

Cw  -  18.9;  x  -  0.48. 
dw  »  18.9;  i  -  0.88. 
ew  “  40.6;  x  “  0.88. 

^Internal  gas  pressure  gage  on  wall.  Distance  not  a  factor. 
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Table  4.  Peak  Pressure  (W  -  13.56  lb;  W/V  -  0.015  lb/ft3) 


Gage 

Scaled 
Distance , 

(ft/lb1/3) 

Peak  Pressures  (psi)  for  NCEL  Test  Nos. 

7 

— 

6a 

106a 

18b 

19c 

* 

7 

8e 

9f 

External 

Incident  Pressures,  P 

so 

FI 

4.19 

103.7 

83.9 

31.9 

19.9 

27.1 

26.4 

F2 

8.38 

39.5 

46.5 

13.3 

6.43 

9.07 

7 

F4 

16.8 

8.47 

9.35 

3.74 

3.28 

2.87 

3.34 

4.39 

F8 

33.5 

2.56 

2.63 

1.33 

1.04 

1.11 

1.23 

0.93 

F12 

50.3 

1.45 

1.55 

0.75 

0.63 

0.69 

0.65 

0.68 

SI 

4.19 

24.5 

27.0 

17.7 

18.2 

23.1 

13.1 

S2 

8.38 

8.09 

8.86 

13.7 

9.75 

8.57 

12.9 

S4 

16.8 

2.16 

1.63 

2.3 

2.39 

2.23 

2.27 

2-7 

S8 

33.5 

0.79 

0.86 

1.06 

1.26 

0.86 

1.33 

0.94 

D2 

8.38 

2.4 

2.48 

3.38 

2.69 

4.16 

3.45 

3.24 

D4 

16.8 

0.84 

1.0 

1.54 

1.57 

1.48 

1.7 

1.6 

D8 

33.5 

0.4 

0.41 

0.68 

0.65 

0.5* 

0.72 

0.64 

B2 

8.38 

1.29 

1.66 

1.38 

1.38 

2.17 

1.96 

1.78 

B3 

12.6 

0.99 

0.97 

1.05 

1.18 

1.25 

1.33 

1.11 

B4 

16.8 

0.78 

0.65 

0.96 

0.97 

0.98 

1.01 

0.77 

B8 

33.5 

0.48 

0.47 

0.71 

0.63 

0.5 

0.73 

0.46 

Internal  Gas  Pressures,  P 

_ Ljs. 


G1 

g 

56 

61 

76 

90 

82 

89 

G3 

g 

59 

56 

76 

85 

— 

75 

G4 

g 

48 

53 

70 

86 

71 

87 

— 

aNo  cover. 

bw  -  13.1;  J  -  0.02. 
cw  -  13.1;  x  -  0.69. 
dw  -  20;  x  -  0.03. 
ew  ■  20;  x  “  0.44. 
fw  -  38.33;  x  -  0.88. 

g 

^Internal  gas  pressure  gage  on  wall.  Distance  not  a  factor. 
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Table  5.  Scaled  Impulse  (W  -  13.56  lb;  W/V  -  0.015  lb/ft  ) 


to  ro 


Table  6.  Peak  Presaure  and  Scaled  Impulse 
(W  -  22.6  lb;  W/V  -  0.025  pcf) 


Gage 

Scaled 
Distance,  Z 

(ft/lb1/3) 

--  •  ...  -l  ...  '  »'  ...  r. 

Peak 

Pressure 

(psi) 

Scaled  Impulse 
(pai-ms/lb*^3) 

■!  ■  ••  i  •  ’■  '1. 

: ;  j Incident  Pressure , 

•  •  ,  ,  ’*  » 

Pso,  and  Impulse, 

i  /w1/3 

FI 

3.53 

121.3 

87.72 

■ 

F2 

7.07 

65.7 

35.33 

F4 

14.1 

12.5 

17.68 

F8 

28.3  / 

3.47 

7.64 

F12 

42.4 

1.76 

4.42 

SI 

3.53 

34.6 

11.67 

S2 

7.07 

11.8 

9.48 

S4 

14.1 

2.04 

4.45 

S8 

28.3 

1.13 

2.61 

D2 

7.07 

3.5 

4.06 

. 

D4 

14.1 

1.37 

2.61 

D8 

28.3 

0.56 

1.48 

B2 

7.07 

2.36 

3.11 

B3 

10.6  , 

1.92 

3.32 

mb 

B4 

14.1 

1.26 

2.75 

B8 

28.3 

0.93 

1.69 

Gas  Pressure,  P^ 

,  and  Impulse,  i 

5.  .  £ 

7T73- 

s 

i 

GI 

b 

86 

532 

G3 

b 

65 

482 

G4 

b 

66 

392 

i 

w  »  0;  x  *  0. 

’internal  gas  pressure  gage  on  wall.  Distance  not  a  factor. 


Table  7.  Peak  Pressure  (’-*  •  40.7  lb;  W/V  "  0.045  pcf) 


Scaled  Peak  Pressures  Cpsl)  for  NCEL  Test  Nos.— 

Gage  Distance,  Z  - - 

'ft/lb1/3)  .  10a  llb  12e  13d  14*  17f 


External  Incident  Pressures, 

90 


FI 

2.91 

182.0 

45.3 

41.1 

48.5 

26.2 

30.9 

F2 

5.81 

72.8 

18.6 

13.3 

14.2 

15.8 

16.0 

F4 

11.6 

17.5 

6.04 

5.53 

5.22 

6.22 

6.37 

F8 

23.3 

4.36 

2.54 

2.51 

2.19 

1.91 

1.45 

F12 

34.9 

2.37 

1.44 

1.57 

1.34 

1.07 

0.71 

SI 

2.91 

40.3 

2o.9 

30.3 

22.5 

25.2 

14.9 

S2 

5.81 

15.9 

26.8 

21.2 

23.3 

16.2 

12.1 

S4 

11.6 

3.03 

5.11 

4.24 

2.56 

3.91 

4.26 

S8 

23.3 

1.53 

2.64 

2.39 

1.96 

1.81 

3.06 

D2 

5.81 

5.66 

8.83 

5.01 

5.24 

5.75 

3.39 

D4 

11.6 

1.99 

3.24 

2.33 

2.86 

2.35 

2.47 

D8 

23.3 

0.97 

1.32 

1.1b 

1.2 

1.33 

1.07 

B2 

5.81 

4.11 

6.96 

3.33 

3.55 

3.13 

2.85 

B3 

8.72 

2.57 

3.79 

1.82 

2.16 

2.02 

1.8 

B4 

11.6 

1.47 

2.56 

1.66 

1.51 

1.43 

1.48 

38 

23.3 

0.98 

1.73 

1.35 

1.13 

1.74 

0.93 

Internal  Gas  Pressures 

>f8 

G1 

g 

103 

140 

172 

161 

218 

mm 

G3 

8 

92 

— 

140 

137 

199 

194 

G4 

8 

102 

148 

148 

146 

173 

185 

*No  cover. 

K  *  9.08;  x  *  0.01. 

Cv  -  9.08;  x  -  0.48. 
dw  “  67.2;  x  ■  0.03. 
ev  ”  67.2;  x  "  0.48. 

“w  *  134;  x  ■  0.48. 

internal  gas  pressure  gage  on  wall.  Distance  not  a  factor. 
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Table  8.  Scslttd  Impulse  (W  -  40.7  lbj  W/V  •  0.045  pcf) 


Seeled  Scaled  Impulse  (psi-ma/lb^)  for  NCEL  Test  Hot. 
Gate  Distance,  Z  1 1  ■  —  — . -  - — - 

(ft/lb1/3)  I0a  ilb  12e  13d  14®  17f 

- - - - - —3-73 - 

External  Incident  Impulse,  ifi/W 


FI 

2.91 

54.06 

57.55 

27.64 

19.47 

F2 

5.81 

35.17 

17.76 

17.58 

12.73 

16.65 

10.02 

F4 

11.6 

22.38 

10.29 

11.33 

7.81 

10.66 

9.30 

F8 

23.3 

9.09 

5.52* 

6.01 

4.47 

5.43 

4.53 

F12 

34.9 

5.61 

3.45 

4.04 

2.90 

3.25 

2.84 

SI 

2.91 

12.52 

14.33 

14.21 

15.29 

13.69 

13.72 

S2 

5.81 

8.72 

18.72 

16.16 

17.09 

14.73 

14.56 

S4 

11.6 

5.05 

2.47 

5.43 

6.39 

5.98 

6.25 

S8 

23.3 

2.73 

2.93 

2.79 

2.99 

3.02 

4.18 

D2 

5,81 

10.05 

6.97 

6.42 

6.54 

5.90 

5.63 

D4 

11.6 

3.19 

4.21 

3.98 

4.30 

3.77 

3.66 

D8 

23.3 

1.91 

2.20 

2.18 

2.44 

3.54 

2.12 

B2 

5.81 

3.83 

5.52 

5.14 

4.82 

4.44 

4.30 

B3 

8.72 

4.15 

5.84 

4.97 

4.68 

4.30 

4.18 

B4 

11.6 

2.84 

4.91 

4.41 

4.15 

3.92 

3.69 

B8 

23.3 

1.94 

2.79 

2.67 

2.50 

2.41 

2.32 

Internal  Gas  Impulse, 

i  /vl/3 

8 

G1 

8 

671 

997 

1345 

1171 

1581 

G3 

g 

510 

— 

1052 

996 

1343 

1630 

G4 

8 

435 

814 

1044 

1024 

1364 

1611 

aNo  cover. 

bw  »  9.08;  i  -  0.01. 

Cw  -  9.08;  x  -  0.48. 
dv  “  67.2;  x  ■  0.03. 
ew  ■  67.2;  x  m  0,48. 
fv  -  134;  x  “  0.48. 

^Internal  gas  pressure  gage  on  wall.  Distance  not  a  factor. 
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Figure  1 


model  missile  test  cell 


P  VS.  Z  ls/W*V3  vs.  Z 

w/W»»(/3  =  0  W/V  =  0.005  A/V**2/i  a  0. 54  w/V—t/J  a  0  W/V  a  0.005  *SV**t/i  a  0.34 


SCALED  DISTANCE,  Z  (ft/lb*»\/3)  SCALED  DISTANCE,  Z  (t0b**t/3) 


p  VS.  Z  ls/W**1/3  vs. 


Figure  5.  Blast  environment  vs.  direction  for  W/V  =  0.015  lb/ft  and  w/W 


P  VS.  Z  ls/W**l/3  vs.  Z 

r/W**V^=0  W/V  =  0.025  k/V**2/i  =  0.34  =  0  W/V  a  0.025  A/V2/3  *  0.34 


Figure  6.  Blast  environment  vs.  direction  for  W/V  =  0.025  lb/ftJ  and  w/W 


*t  o  =  c/z..aA  »o  o  =  a/m  o  =  r/i..M/»  *ro  =  r/z..A/v  s>oo  =  a/m  o  =  c/U.m/* 

Z  -SA  £/l«»M/S|  7  'SA  d 
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Figure  7.  Blast  environment  vs.  direction  for  W/V  =  0.045  lb/ftJ  and  w/U 
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Figure  8.  Blast  environment  vs.  W/V  for  "F"  direction  and  w/W 


(£/u*qi/sui  -  tsd)  £/i**m/si  ‘isnndwi  anvos 


Figure  9.  Blast  environment  vs.  W/V  for  "S"  direction  and  w/W 
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Figure  11.  Blast  environment  vs.  w/W  and  x/W  in  "F"  direction  for  W/V  =  0.005  lb/ft 


P  vs.  Z  Is/W**y3  vs.  1 

r  DIRECTION  r  DIRECTION 

W/V  =r  0.015  A/V2/3  =  0.34 _  _ W/V » 0.015  k/V-Z/i  •  0.54 
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Figure  12.  Blast  environment  vs.  w/W  and  x/W  in  ‘'F"  direction  for  W/V  =  0.015  Ib/ft 
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Figure  13.  Blast  environment  vs.  w/W  and  x/W  '  in  "F"  direction  for  W/V  =  0.045  lb/ft 


Osd)  sd  ‘aanss3«d 
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Figure  14.  Blast  environment  vs.  w/W  J  and  x/W  in  "S"  direction  for  W/V  *  0.005  Ib/ft 


and  x/W 
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Figure  17.  Blast  environment  vs.  w/W  and  x/lv  in  "BM  direction  for  W/V  =  0.005  lb/ft 
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Figure  18.  Blast  environment  vs.  w/W  and  x/W  in  "B”  direction  fo’-  W/V  =  0.015  lb/ft 


B  OIBCCriOM 


Figure  19.  Blast  environment  vs.  w/W  /3  and  x/W1/3  in  "B"  direction  for  W/V  =  0.045  Ib/ft 
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Fiaure  20.  P  vs.  W/V  to  the  back  ('B'  direction)  of  the  MTC. 
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1  Upper  bound  value*  w  -  0 
Doifn  upper  bound  0  <  w  <  *0  paf/tb1' 


- NAVFAC  Type  I  MTC  : 

'W  -  300  Use 
V  -  15.000  ftJ  .  . 

W/V  -  aOJO  Ib/ft* 


.005  .07  .01 


.02  .03 

W/V  (tb«/ftJ) 


.05 


Figure  21.  Z  vs.  W/V  for  P  =  2.3  psi  to  back  of  MTC 
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Figure  28.  Combined  internal  design  loading  for  MTC. 
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I  v0  PURPOSE 


‘hit  paper  prbtbfllt  prbl  imimry  design  eritbrib  tor 
vertical  cantilever  blott  deflector  walls  intended  to  reduce  thb 
bloat  onvi  ronwont  from  oxpiononi  detonated  immediately  behind 
thb  walls.  Th«  design  criteria  relates  thb  peak  blott 
ovarpressure.  totol  blott  impulse,  ond  effective  duration  of  tha 
ovorprotturo  in  o  format  that  foctlitotoa  thb  design  of  blast 
dbfloetor  walls  and  tha  prediction  of  thb  blast  environment 
bbhmd  thb  wa  I  I  s  Thb  prblimmary  critbrta  prbtbntbd  m  this 
papbr  wars  deri/eV  from  high  explosive  tbttt  complatad  m  1905 
(Reference  t  and  2).  Additional  tests  ara  sehadulad  for 
Sbptsmbar  1966  (Reference  3).  and  final  design  criteria  will 
than  be  developed. 


2.0  PROBLEM 

Vehicle  bombs  are  a  major  terrorist  threat  to  the  security 
and  safety  of  inhabited  facilities.  One  possible  plan  to  reduce 
the  danger  of  the  vehicle  bombs  is  to  construct  a  vertical 
cantilever  wall  at  a  safe  distance  from  the  nearest  people  and 
property.  The  wall  is  designed  to  stop  the  vehicle  and  to 
prevent  breaching  of  the  well  from  detonation  of  the  bomb.  Tha 
wall  serves  to  detonate  the  vehicle  bomb  a  safe  distance  away 
from  the  inhabited  facilities. 


The  procedure  for  designing  the  wall  to  survive  the  vehicle 
impact  and  bomb  explosion  is  undefined.  Some  criteria  exist, 
but  the  reliability  of  the  design  process  decreases  with 
increasing  vehicle  strike  velocity  and  bomb  size,  and  decreasing 
distance  between  the  wall  and  point  of  detonation.  The  barrier 
could  be  a  solid  reinforced  concrete  wall,  a  composite  wall  of 
sand  between  two  reinforced  concrete  walls  connected  by  shear 
diaphragms,  or  a  solid  reinforced  concrete  wall  backed  by  a 
massive  earth  berm  (retaining  wall). 

One  problem  in  the  design  of  a  vehicle  bomb  barrier  is 
determining  where  to  site  the  wall  relative  to  the  buildings  to 
be  protected.  Criteria  exist  for  predicting  the  damage  to 
buildings.  given  the  blast  environment  at  the  building. 
However,  no  criteria  exist  for  predicting  the  blast  environment 
behind  a  vertical  wall.  Based  on  the  present  technology,  the 
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site  location  must  neglect  any  benefits  from  the  wall  on 
reducing  the  blast  environment.  Theoretically,  the  wall  serves 
as  a  blast  deflector  shield  which  reduces  the  blast  environment 
behind  the  wail.  The  effectiveness  of  the  wall  in  suppressing 
the  blast  environment  depends  on  the  wall  height,  and  the 
explosive  size  and  location  as  illustrated  in  Figure  1. 


The  blast  environment  behind  the  wall  may  be  further 
suppressed  by  locating  a  canopy  near  the  top  of  the  wall  on  the 
loaded  side  oi  the  wall,  as  shown  in  Figure  2.  This  concept 
assumes  that  the  canopy  would  focus  shock  waves  in  a  safe 
direction.  The  canopy  cowld  shatter,  and  be  blown  away  by  the 
force  of  the  explosion,  but  it  wouJd  probably  remain  in  place 
tong  enough  to  m  Mgate  the  shock  waves  spilling  over  the  wall. 
The  effectiveness  of  the  canopy  depends  on  its  mass,  surface 
area,  and  location. 

Blast  pressures  measured  in  high-explosive  tests  of 
cubicles  by  NCEL  (Reference  4)  demonstrate  that  reductions  in 
the  blast  environment  behind  walls  do  occur.  However,  these 
tests  did  not  simulate  the  condition  of  a  bomb  located  adjacent 
to  a  long  vertical  wall  designed  to  prevent  shock  waves  from 
clearing  around  the  ends  of  the  wall. 


Design  criteria  for  the  blast  environment  (including  peak 
blast  overpressure,  total  blast  impulse,  and  effective  duration 
of  the  overpressure),  behind  a  wall  would  allow  site  planners  to 
account  for  any  benefit  from  the  wall  on  the  safe  distance 
required  from  a  vehicle  bomb  barrier  to  an  inhabited  building. 
The  design  blast  loads  must  be  related  to  the  criti'.^l 

parameters  associated  with  the  characteristics  of 
bomb,  and  the  point  of  interest  behind  the  wall,  as 
by  the  curves  in  Figures  1  and  2. 


the  wall, 
i I  I  us  t  r  a  t  ed 


3.0  TESTS 


3  1 


The  objective 
overpressure  data 
wall,  to  emp i r i ca 
I  oad i ng  at  any  po 
The  criteria  will 
blast  impulse,  i 
(msec ) ,  as  f unct i 
equivalent),  wall 
distance  to  point 
of  point  of  inte 
distance,  r  (feet) 
canopy  width,  L ’ 
(feet),  and  canopy 


o  f 
from 
lly  derive 
i n  t  behind 
express  the 
( ps i -ms  e  c  )  , 


this  test  program  was  to  obtain  blast 
high-explosive  tests,  using  a  small  scale 
criteria  for  the  design  blast 
a  veitical  blast  deflector  wall. 
peaH  blast  overpressure,  B  (psi), 
and  effective  load  duration,  T 
net  explosive  weight,  W  (lb  TNT 


on s  of  the 

height,  H  (feet),  wall  length,  L  (feet), 
of  interest  behind  wall,  R  (feet),  elevation 
rest  behind  wall,  h  (feet),  cha r ge- to-wa I  I 
,  elevation  of  charge  above  ground,  z  (feet), 
(feet).  canopg  elevation  above  ground  H* 
mass,  w  (ib/ft2). 
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The  mttturod  blast  environment  behind  the  well  will  be 
compered  with  existing  relationships  for  a  surface  burst  without 
a  wall.  The  benefits  of  a  vertical  wall  and  a  vertical  wall 
plus  canopy  in  reducing  the  blast  environment  will  be  assessed. 


3 . 2  Test  Setup 

The  wall  tests  were  performed  at  the  Terminal  Effects 
Research  and  Analysis  Group  (TERA)  of  the  New  Mexico  Institute 
of  Mining  and  Technology  in  Socorro.  New  Mexico.  The  test 
schedule  is  shown  in  Table  1. 

The  test  structure  was  a  vertical  cantilever  wall,  2.25 
feet  high  and  28.67  feet  long.  The  wall  was  constructed  of 
steel  armor  plate  as  shown  in  Figure  3.  This  test  structure  is 
a  one-sixth  geometric  scale  model  of  a  1 3 . 5- f oo t -h i gh  by 
1  72-foot- l ong  cantilever  wall. 

The  canopies  used  for  tests  2,  3,  5.  6,  and  7  were 
six-guage  or  twelve-guage  steel  sheet  metal.  Three  canopy 
designs  were  used  in  the  testing  (width  =  1.0  feet  and  density  = 
4.38  psft  width  =  1.0  feet  and  density  =  8.13  psf;  and  width  = 
1.5  feet  and  density  *  8.13  psf).  The  length  of  each  canopy  was 
ten  feet.  The  canopy  mass  was  chosen  to  represent  the 
equivalent  of  a  4-inch-thick  reinforced  concrete  slab.  The 
canopies  were  attached  to  the  wall  by  a  series  of  tack  welds. 
The  tack  welding  provided  the  support  for  the  canopy  to  keep  it 
perpendicular  to  the  wall,  but  did  not  prevent  the  canopy  from 
being  blown  off  the  wall  when  the  explosive  charge  was 
detonated.  For  tests  9  and  10.  the  canopies  were  supported  by 
several  rebar  tack  welded  perpendicular  to  the  wall;  the 
canopies  used  in  tests  9  and  10  were  not  attached  to  the  wall  by 
any  welds. 

The  test  program  involvod  three  charge  weights  (Mf  =  1.0, 
8.0,  and  15.0  pounds  C4  explosive).  The  explosives  used  in  the 
tests  were  spherical  composition  C4  charges.  Each  explosive 
charge  was  placed  in  a  lightweight  cheesecloth  pouch  and 
suspended  by  string  from  a'  rebar  welded  perpendicular  to  the 
wall.  The  distance  from  the  center  of  the  charge  to  the  wall 
and  to  the  ground  was  one  foot.  Conversion  of  charge  weight 
from  composition  C4  to  TNT  was  made  using  an  equivalency  value 
of  1.129  (  1.129  pounds  of  TNT  is  equal  to  1.0  pounds  of  C4  , 
Reference  5).  According  to  modeling  laws.  detonating  a 
1.0-pound  test  charge  adjacent  to  the  scale  model  wall  is 
equivalent  to  detonating  a  244-pound  charge  adjacent  to  the 
prototype  wall,  and  detonating  a  15.0-pound  test  charge  (maximum 
test  charge)  adjacent  to  the  scale  model  wall  is  equivalent  to 
detonating  a  3,660-pound  bomb  adjacent  to  the  prototype  wall. 
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Pressure  transducers  were  located  along  two  horizontal  gage 
lines  emanating  from  the  charge  as  shown  in  Figure  4.  One  gage 
iine  was  set  up  normal  to  the  wall,  and  the  other  was  45  degrees 
to  the  wall.  Each  gage  line  had  transducers  located  at  both  the 
ground  surface  (h  =  OJ,  and  at  the  elevation  of  the  wall  Ch  =  H 
=  2.25  feet).  The  elevated  gages  farthest  from  the  wall  were 

4.5  feet  above  the  ground  surface.  The  transducers  normal  to 
the  wall  were  located  at  R  =  2.25,  4.5,  6.75,  9.0,  13.5,  and 
18.0  feet  from  the  wall.  This  corresponds  to  1H,  2H,  3H,  4H, 
6M.  and  8H,  with  the  distance  from  the  transducers  to  the  wall 
given  in  multiples  of  the  wail  height.  The  gages  at  45  degrees 
to  the  wall  were  located  at  R  :  4.5,  9.0,  and  18.0  feet  from  the 
wall.  This  corresponds  to  2H,  4H,  and  8H,  with  the  distance 
from  the  transducers  to  the  wall  given  in  multiples  of  the  wall 
height.  This  arrangement  required  eighteen  transducers  in  each 
test.  Based  on  the  one-sixth  scale  model,  the  measurement 
points  correspond  to  full-scale  13.5  i  R  ±  108  feet  and  0  ±  h  ± 

13.5  feet  (h  =  27  feet  for  the  two  elevated  gages  farthest  from 
the  wall). 

Gage  mounts  for  the  elevated  gages  were  stainless  steel 
disk  baffles  supported  by  steel  gage  stands  oriented  in  the 
direction  of  the  charge.  The  surface  gages  were  installed  flush 
with  the  ground. 

Analog  pressure  data  was  electronically  recorded  on 
magnetic  tape  using  two  tape  recorders. 


T  est  Result: 


The  analog  data  obtained  from  each  test  was  digitized,  and 
computer  plots  of  the  pressure-time  history  at  each  pressure 
transducer  were  prepared  The  plots  showed  the  peak  blast 
overpressure  and  the  total  impulse  measured  at  each  gage.  The 
peak  pressure,  total  impulse,  and  gage  locations  for  each  test 
are  summarized  in  Tables  2  through  11. 


In  order  to  compare  the  test  results  with  the  blast 
environment  produced  from  an  explosion  without  a  wall,  values 
for  the  peak  pressure  and  total  impulse  were  required  for  the 
detonation  of  1.0,  8.0,  and  15.0  pound  charges  with  no  blast 
deflector  wall.  These  values  were  obtained  using  the 
hemispherical  surface  burst  graphs  in  the  revised  NAVFAC  P-397 
Volume  II  (Reference  6).  The  calculated  values  of  the  peak 
pressure  and  total  impulse  resulting  from  the  detonation  of  a 
charge  without  a  wall  are  given  in  Table  12. 


The  barricade  was  not  damaged  in  any  of  the  ten  tests.  The 
canopies  were  all  completely  blown  away  from  the  wall. 
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Peak  pressure  end  scaled  impulse  were  plotted  against 
scaled  ground  distance  for  each  charge  weight,  showing  results 
for  each  test  with  and  without  canopies,  and  the  calculated 
values  for  surface  pressure  with  no  wall.  These  plots  are  given 
in  Figures  5  through  10.  Sepaiate  plots  wero  made  for  the 
results  from  the  elevated  gages  and  the  surface  gages,  and  for 
the  45  degree  gage  line  and  the  90  degree  gage  line. 

In  general,  there  was  a  reduction  in  peak  pressure  and 
impulse  behind  the  wail  when  the  test  results  are  compared  to 
the  calculated  values  for  the  blast  environment  produced  from  an 
explosion  without  a  wall. 


3 . 5  Add itional  Testing 

From  the  results  of  the  tests  in  October  1985,  it  was 
determined  that  additional  testing  would  be  required  before 
blast  load  criteria  could  be  developed.  Values  for  the  peak 
pressure  and  total  impulse  resulting  from  the  detonation  of  a 
charge  without  a  wall  were  calculated  using  the  hemispherical 
surface  burst  graphs  in  the  revised  NAVFAC  P-397.  Additional 
tests  are  planned  to  provide  data  to  compare  with  these  values 
from  P-397.  Also,  blast  overpressure  data  from  tests  using  the 
small-scale  wall  are  planned  for  validation  of  previous  results. 
The  test  schedule  for  these  tests  is  given  in  Table  13. 


4.0  PRELIMINARY  DESIGN  CRITERIA 

Presented  in  Figures  11  through  15  are  preliminary  design 
criteria  for  the  blast  environment  behind  vehicle  bomb  barriers. 
The  criteria  are  considered  to  be  preliminary  arid  will  require 
further  test  validation. 


Use  of  the 
corresponding  to 
interpolation  on 
intermediate  val 
relationships  or 


criteria  requires  interpolation  between  values 
the  curves  in  Figures  11  through  15.  Linear 
a  log-log  scale  is  recommended  for  obtaining  an 
ue  of  any  parameter,  using  either  mathematical 
log-log  graph  paper. 


1  n 

impul s  e  , 
d  i  s  1  a  g  ce 
H/W17  . 

for  test 


Figu^s  11,  the  blast  overpressure,  8,  and 
i/W^a  are  plotted  as  a  function  of  the 
,  R/W  ,  for  several  values  of  the  scaled  wall 
Each  curve  is  for  the  results  from  the  surface 
s  with  no  canopy . 


scaled 
scaled 
height  , 
gages  . 


I  n 

i mp  u I s  e  , 

‘iiW 

w/W 


F i g  u  j  ^  3  12,  the  blast  overpressure, 

i7  i/3  ar#  plotted  as  a  function 
R/W  ,  for  several  values  of  the  sea 
Each  curve  is  for  the  results  from  the 
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1  /  3 

for  tests  with  the  seeled  well  height,  H/W  ,  equel  to  0.88 

f  t  /  I  6  W3  . 

In  13,  the  blest  overpressure,  8,  end  scaled 

impulse,  «re  plotted  es  a  function  of  the  scaled 

disj^gee.  R/W  ,  for  several  values  of  the  scaled  canopy  mass, 
w/W  Each  curve  is  for  the  lesults  f  rom( surface  gages, 

for  tests  with  the  scaled  wall  height.  H / W  ,  equal  to  1.08 

f  t  /  I  b 1  7  3  . 

In  Figu^g  14,  the  blast  overpressure.  B,  and  scaled 

impulse,  i/Hv’  are  plotted  as  a  function  of  the  scaled 

disj^gce,  R/W  ,  for  several  values  of  the  scaled  canopy  mass, 
w/W  Each  curve  is  for  the  results  fromj^e  surface  gages, 

for  tests  with  the  scaled  wall  height,  H/W  ,  equal  to  2.16 

ft/lb1  . 

in  ^  1  9  u  *i  ?  3  1 5  •  the  blast  overpressure,  B,  and  scaled 

impulse,  ,/W)/3  ar®  plotted  as  a  function  of  the  scaled 

dtsf^gee,  R/W  ,  for  several  values  of  the  scaled  wall  height, 
H/W  Each  curve  is  for  the  results  from  the  elevated  gages, 

for  tests  with  no  canopy. 


5.0  FUTURE  WORK 

Additional  explosive  tests  are  planned  for  September  1986. 
These  tests  are  considered  important  to  validate  the  results  of 
the  previous  test  series,  and  to  provide  data  for  blast 
overpressure  with  no  blast  deflector  wall.  The  test  results 
will  be  combined  with  previous  results  to  empirically  derive 
design  criteria  for  the  blast  environment  behind  a  vehicle  bomb 
barrier. 
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7.0  LIST  OF  SYMBOLS 


C  4 


Peak  Blast  Overpressure,  (psi) 

Blast  Impulse,  (psi-msec) 

Effective  Load  Duration,  (msec) 

Net  Explosive  Weight,  (lbs  TNT  equivalent) 

Net  Explosive  Weight,  (lbs  Composition  C4  explosive) 
Wall  Height,  (feet) 

Wall  Length,  (feet) 

Distance  to  Point  of  Interest  Behind  Wa I i .  .feet) 
Elevation  of  Point  of  Interest  Behind  Wall,  (feet) 

Cha r ge- t o-wa I l  Distance,  (feet) 

Elevation  of  Charge  Above  Ground,  (feet) 

Canopy  Width,  (feet) 

Canopy  Elevation  Above  Ground,  (feet) 

2 

Canopy  Mass.  (Ib/ft  ) 

Scaled  Distance  to  Print  of  Interest  Behind  Wall,  R/W 
1/3 


1  /  3 


(  f  e  e  t  /  I  b 


) 


774 


\ 

V 


—  —  _  _  Nr.  u»ll 


Log  cak'd  horizontal  distance  behind 
wall,  RAV,/J  (ft/lb*'*> 


Figure  2.  (Janopy  wall  and  blast  environment  behind  wall. 
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TABLE  1. 


TEST 

NO. 

*C4 

(  I  btJ 

H/W* /3 

w 

C  pa  t  J 

w/W1 /3 

t  * 

(ft) 

r 

i  f  t  ) 

z 

(ft) 

1 

1  . 0 

2.18 

0 

- 

* 

1  .  0 

1  .  0 

1 . 0 

2 

1  .  0 

2  16 

4 . 38 

4.21 

1  .  0 

1  .  0 

1 . 0 

3 

1 .0 

2  -  16 

8.13 

7.81 

1  .  0 

1  .  0 

1  .  c 

4 

8 . 0 

1  .  08 

0 

- 

1 . 0 

1 .0 

1 . 0 

6 

8.0 

1 . 08 

4.38 

2.10 

1 . 0 

1  .  0 

1 .0 

6 

8 . 0 

1  .08 

8.13 

3 . 90 

1  .  o 

1  .  0 

1  .  0 

7 

8 . 0 

1 . 08 

8.13 

3 . 90 

1  .  5 

1  .  0 

1  .  0 

8 

15.0 

0 . 68 

0 

- 

1  .  0 

1  .  0 

1 . 0 

9 

15.0 

0 . 88 

4 .38 

1.71 

1 . 0 

1  .  0 

1  .  0 

10 

IS  .0 

0 . 88 

8.13 

3.  1  7 

1 . 0 

1  .  0 

1  .  0 

NOTE:  Strop  welded  joints 
between  plates 


TAiie  a  ifc&JLJLiULitfUl 
Charge  Weight  *  1.02  lb» 
No  Canopy 


Gage 

Range 

t 1 eve  1 1 on 

Peak  Side-on 

Total  impulse 

NO  . 

R 

h 

Overpressure 

(pit -msec) 

(ft) 

(ft) 

(Pi  i  ) 

FI-  » 

2 .25 

0 

15.72 

13.0 

PI-4 

2.25 

2.25 

15.00 

9.0 

F2-1 

4.  SO 

0 

0.32 

9.0 

F2-2 

4 . 50 

2.25 

6.28 

0.0 

F3-1 

e .  rs 

0 

7.06 

0.0 

F  3-2 

0 . 76 

2.25 

3.23 

0.0 

F4-  1 

9.0C 

0 

0.42 

0.0 

F4-2 

0.00 

2.25 

3.80 

0.0 

P6-1 

13.50 

0 

3.52 

0.0 

F6-2 

1  3 . 50 

2.25 

1.07 

5.0 

F8-  1 

10.00 

0 

3.60 

6.0 

P8-2 

18.00 

4.50 

2.31 

4.0 

S2-  1 

4 . 50 

0 

13.29 

9.0 

S2-2 

4 . 60 

2.25 

9.40 

7.0 

S4-  1 

9 . 00 

0 

7.63 

6.0 

S4~2 

9 . 00 

2.25 

3.06 

5.0 

SO-  1 

•  0.00 

0 

2.07 

4.0 

SO-  2 

10 . 00 

2.25 

1.53 

4.0 

TABLE 

3  TEST 

LBESULTS 

Charge 

Weight  a 

1.02  lbs 

Canopy  Weight 

*  45.5  lbs 

Canopy 

S  i  <0  3 

12  1/0"  x  10’ 

3/4"  x  0.108" 

Gag# 

Range 

E I eva  t ion 

Peak  Side-on 

Total  impulse 

No. 

R 

h 

Over pr ensure 

(ps i-msec) 

(ft) 

f  f  t  ) 

(  ps  1  ) 

FI-  1 

2.25 

0 

6.44 

10.0 

FI-2 

2.25 

2. 25 

0.77 

7.0 

F2-1 

4 . 50 

0 

3 . 09 

7.0 

F2-2 

4 . 50 

2.25 

2.07 

5.0 

F  3-  1 

6.7  5 

0 

3.00 

0.0 

F3-2 

0.75 

2.25 

2 . 55 

5.0 

F  4-  1 

9.00 

0 

3 . 00 

5.0 

F  4-2 

9.00 

2 .25 

2 . 49 

5.0 

F6-1 

13.50 

0 

2 . 50 

5.0 

F6-2 

13.50 

2.25 

1  .  72 

5.0 

FO-1 

16.00 

0 

2 . 52 

4 . 0 

F8-2 

’0.00 

4.50 

2 . 39 

4.0 

S2-1 

4 . 50 

0 

4.95 

7.0 

S2-2 

4 . 50 

2.25 

4.26 

6.0 

S4-1 

9.00 

0 

5 .66 

6.0 

S4-2 

9.00 

2 . 25 

2.51 

5 . 0 

SO-1 

18.00 

*  0 

2 . 90 

4 . 0 

S8-2 

16.00 

2.25 

1  .34 

3 . 0 

730 


r 

I 
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table  4.  test  a  aiHUlS 

Charg*  Weight  «  1.02  iba  Canopy  Weight  «  76  5  tb» 

Canopy  Site  ■  It  7/6"  x  to*  3/4"  x  0.196" 


Gage 

Range 

Elevation 

Fean  Sttfe-on 

No . 

R 

n 

Ovafpreaaure 

F  1-1 

(ft) 

tit) 

(pai) 

2 .28 

0 

B .  40 

Fi-2 

2 .28 

2.28 

5 .26 

F2-  1 

4.80 

0 

3.64 

F2-2 

4 . 80 

2.26 

3.20 

F  3-  1 

B.  T 8 

0 

3 . 35 

F3-2 

B .  )  8 

2.28 

2 .61 

M-1 

9.00 

0 

3 . 40 

F4-2 

9.00 

2.28 

2  .  T3 

F6-1 

13.80 

0 

3.05 

FB-2 

13.80 

2.25 

1  .34 

F  8-  1 

11.00 

0 

1 . 36 

FB-2 

19.00 

4 . 50 

1  .  42 

S2-1 

4  .  SO 

0 

4  91 

S2-2 

4.80 

2.28 

4 .67 

S4-1 

9.00 

0 

5.57 

S4  -2 

9.00 

2.25 

2.21 

SB-1 

IB. 00 

0 

2.96 

SB-2 

16.00 

2.25 

1 .26 

TABLE 

S-  TJLST  ' 

1..&ESWATS 

Charga  Weight  * 
No  Canopy 

B .  0  Iba 

Gage 

Range 

Elevation 

Peak  S i da-on 

No . 

R 

h 

Ovnrpreaaure 

(It) 

(ft) 

( pa  i  ) 

FI-1 

2 . 25 

0 

29 . 64 

FI-2 

2.25 

2.25 

29.57 

F  2-  1 

4 . 50 

0 

36 . 00 

F2-2 

4  .  $0 

2.25 

21.83 

F3-1 

6. 75 

0 

26.85 

F  3  -2 

6.75 

2 .25 

13.98 

F  4-  1 

9.00 

0 

16.31 

F  4  -2 

9.00 

2.25 

7 . 05 

F6-1 

13.50 

0 

9  .  70 

FB-2 

13.50 

2 .25 

6  .  79 

F8-1 

16.00 

0 

7.45 

Fe-2 

16.00 

4 . 50 

3.61 

S2-1 

4 . 50 

0 

28.39 

S2-2 

4 . 50 

2  ,  2  £ 

no  data 

S  4  -  1 

9,00 

0 

24.40 

S  4  -  2 

9.00 

2  25 

24  59 

SB-1 

18.00 

0 

!  .  80 

SB-2 

18.00 

2.25 

5.57 

Total  impuiae 
t  pa  » -maec > 

U.O 
0.0 
TO 
0.0 
TO 
0.0 
6  0 
ft.O 
SO 

s.o 

4  0 
4 . 0 
T  0 
T.0 
0.0 
4  0 
4 .0 
4.0 


Total  impu I se  j 
C  pa i -mate ) 

36 . 0 
22 . 0 
29  0 
23  .  0 

32.0  j 

28  0 
25.0 
20 . 0 
20.0 
20 . 0 
18.0 
18.0 
37 . 0 
no  data 
25.0 
25 . 0 
14.0 
16.0 
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TAtlC 

•  I&1L. 

a  Beaut ts 

Charge 

Weight  « 

8.0  lbs 

Canopy  Weight 

*  48.8  lbs 

Canopy 

Slit  * 

18"  x  10*  1/2" 

x  0. 105" 

Cage 

Range 

C 1  aval ioa 

Faah  Stde-on 

Total  impulse 

No. 

8 

h 

Overpr assure 

t  ps i -msec  > 

tin 

(f  1) 

(pel) 

F  1-1 

2.28 

0 

19.74 

30.0 

Fi-a 

2.28 

2.28 

20.91 

25  0 

«-* 

4.80 

0 

22.28 

31.0 

7i*2 

4.  SO 

2.28 

11.94 

24.0 

F3-1 

8. 75 

0 

17.32 

29.0 

fj-a 

6  78 

2.28 

9.71 

29.0 

Fa-i 

8.00 

0 

13.94 

21.0 

F4-2 

9.00 

2.28 

8.48 

14.0 

F«-1 

i  3 .80 

0 

9.33 

17.0 

Fi-a 

13  .  SO 

2.28 

8.88 

15.0 

F8-1 

18.00 

0 

5.97 

18.0 

F8-2 

18.00 

4.80 

4.88 

13.0 

82-1 

4.80 

0 

18.84 

27.0 

82-2 

4.30 

2.25 

19.48 

28.0 

S4-1 

0.90 

0 

18.79 

18.0 

S4-2 

9.00 

2.28 

27.41 

21.0 

88-1 

18.00 

0 

8.92 

10.0 

S8-2 

18.00 

2.28 

3.90 

10.0 

TABLE 

7.  TEST 

-juBEmia 

Charge 

Weight 

*  8.0  Iba 

Canopy  Weight 

»  79.5  Iba 

Canopy 

Size 

«  12"  x  10*  3/4- 

x  0.189" 

Gage 

Range 

Elevation 

Peak  Side-on 

Total  impulse 

No . 

R 

h 

Ov  e ' r  e  a  a  u  r  a 

( pa i -msec ) 

(ft) 

(ft) 

( pa  i ) 

FI-1 

1.25 

0 

13.78 

16.0 

FI-2 

2.25 

2.25 

18.17 

21.0 

F2-  1 

4.50 

0 

18.45 

34.0 

F2-2 

4 . 50 

2.25 

8.02 

26.0 

F3-  1 

8.75 

0 

15.67 

32.0 

rs-2 

6.75 

2.25 

10.57 

29.0 

F  4  - 1 

9.00 

0 

14.10 

22.0 

F4-2 

9.00 

2.25 

7  .  12 

15.0 

F8-1 

13.50 

0 

8.41 

17.0 

F6-2 

13.50 

2 .25 

5.91 

16.0 

F  8-  1 

18.00 

0 

6.52 

1S.0 

F8-2 

18.00 

4.50 

6 . 75 

15.0 

S2-1 

4 . 50 

0 

15.96 

29.0 

S2-2 

4.50 

2 .25 

17.93 

27.0 

S4-1 

9.00 

0 

1C.  30 

16.0 

S4-2 

9.00 

2 .25 

23.94 

22 . 0 

$8-1 

18.00 

0 

6.56 

11.0 

S8-2 

16.00 

2 .25 

3  90 

11.0 
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Gaga 

Range 

E 1  a va  t ion 

Peak  Sidt-on 

Total  impulse 

No . 

R 

h 

Overpressure 

(ps i -msec ) 

(ft) 

(ft) 

(ps  i  ) 

FI  -  1 

2 .25 

0 

12.93 

26.0 

FI-2 

2 . 25 

2 .25 

12.61 

25.0 

F2-1 

4 . 50 

0 

10.60 

27.0 

F2-2 

4 . 50 

2.25 

6 . 98 

23 . 0 

F  3-  1 

6  .  75 

0 

9.64 

2  6 . 0 

F3-2 

6 . 76 

2.25 

8.13 

25 . 0 

1  F  4-  1 

9 . 00 

0 

8.38 

19.0 

F  4  -2 

9 . 00 

2.25 

5.13 

13.0 

F6-1 

13 . 50 

0 

7 .57 

15.0 

F6-2 

13.50 

2.25 

4 . 88 

14.0 

F  8-  1 

18.00 

0 

7 . 56 

13.0 

F8-2 

18.00 

4 . 50 

5.07 

13.0 

!  S2-1 

4 . 50 

0 

13.99 

25.0 

1  S2-2 

4 . 50 

2.25 

10.80 

24.0 

|  S  4  -  1 

9 . 00 

0 

13.23 

15.0 

i  S4-2 

9 . 00 

2.25 

16.18 

18.0 

!  S8-1 

18.00 

0 

5.62 

10.0 

1  S8-2 

18.00 

2 .25 

3.86 

10.0 

TABLE  9.  TEST  8 
Charge  Weight  %  15.0  lbs 
No  Canopy 


Gage 

Range 

Elevation 

Peak  Side-on 

Total  impulse 

No  . 

R 

h 

Overpr  ss»  ire 

( p  s i -msec ) 

(ft) 

(ft) 

( ps  1  ) 

F  1  -1 

2  .  25 

0 

39.34 

35.0 

FI-2 

2 .25 

2.25 

no  data 

no  data 

F  2  -  1 

4 . 50 

0 

39.30 

33 . 0 

F2-2 

4 . 50 

2 .25 

20 . 94 

50 . 0 

F  j-1 

6 . 75 

0 

3  1.11 

29.0 

F  3  -2 

6 . 75 

2.25 

no  data 

no  data 

F  4  -  1 

9 . 00 

0 

23 . 08 

30.0 

r  4-2 

9 . 00 

2.25 

8.38 

27 . 0 

F6-  1 

13.50 

0 

14.20 

25 . 0 

F6-2 

13.60 

2.25 

7 . 80 

23 . 0 

F  8-  1 

18.00 

0 

9.14 

22 . 0 

F8-2 

18.00 

4 .50 

6 .00 

2  1.0 

S2-1 

4 . 50 

0 

4  1.65 

39 . 0 

S2-2 

4 . 50 

2 .25 

no  data 

no  data 

S  4  -  1 

9 . 00 

0 

3  1.16 

32 . 0 

S  4  -  2 

9 . 00 

2 .25 

36.33 

37.0 

S8-1 

18.00 

0 

11.45 

19.0 

S8-2 

18.00 

2.25 

7.41 

17.0 
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TABLE 

10.  TEST 

Charge 

Weight  = 

Canopy 

Size  » 

Gage 

Range 

No. 

R 

(ft) 

FI-1 

2.25 

FI-2 

2 . 25 

F2-1 

4.50 

F2-2 

4.50 

F3-  1 

6.75 

F3-2 

6 . 75 

F4-  1 

9.00 

F4-2 

9 . 00 

F6-  1 

13.50 

F6-2 

13.50 

F8-  1 

18.00 

F8-2 

18.00 

S2-1 

4 . 50 

S2-2 

4 . 50 

S4  -  i 

9 . 00 

S4-2 

9.00 

S8-1 

18.00 

S8-2 

18.00 

TABLE 

11  IE ST 

Cha  r  ge 

Weight  = 

Canopy 

Size  = 

Gage 

Range 

No. 

R 

(ft) 

Fl-1 

2 .25 

FI-2 

2 .25 

F  2  -  1 

4  50 

F2-2 

4  50 

F3-  1 

6  .  75 

F3-2 

6 . 75 

F  4  -  1 

9 . 00 

F4-2 

9.00 

F6-  1 

13.50 

F6-2 

13.50 

F  8-  1 

18.00 

F8-2 

18.00 

$2-1 

4 . 50 

S2-2 

4 . 50 

S  4  —  1 

9 . 00 

S  4  -  2 

9 . 00 

S8*  1 

18.00 

S  8  -  2 

18.00 

J__RE_SULTS 

15.0  lbs 

12"  x  10'  1 / 4 " 

E I e v« t ion 
h 

(ft) 

0 

2  25 
0 

2 .25 
0 

2 .25 
0 

2 .25 
0 

2 . 25 
0 

4  .  SO 
0 

2 .25 
0 

2 . 25 
0 

2 .25 


ua 

15.0  Iba 

12"  x  10'  3 / 4 " 

E  I  e va  t ion 
h 

(ft) 

0 

2 .25 
0 

2.25 
0 

2 .25 
0 

2.25 
0 

2 .25 
0 

4 . 50 
0 

2.25 
0 

2.25 
0 

2.25 


Canopy  Weight  = 
x  0.105" 

Peak  Side-on 
Overpressure 
( pa  i  ) 

33.14 

37.15 
26 . 48 

47.63 
23  .  76 

no  data 
13 . 16' 

4.91 
7  .  53 
5.16 
5 . 89 
4 . 87 
36  .  50 
53  .  30 
26.18 
32 .07 

11.63 
6.2? 


Canopy  Weight  = 
0.189" 

Peak  Side-on 
Overpressure 
(  p  s  i  ) 

13.71 
27.74 
24.67 
38.14 
22.44 
no  data 
11.95 
5.21 
8.05 
5  .  36 
3 . 00 
6 .86 
35  .  52 
36.93 
22.26 
34.21 
11.06 
6.26 


45.5  Iba 


Total  impulse 
( p a i -msec  ) 

32 . 0 
75.0 
18.0 
88 . 0 
18.0 
no  data 
25 . 0 
19.0 
2  1.0 
20 . 0 
2  1.0 
19.0 
36 . 0 
80 . 0 
24.0 
28 . 0 
16.0 
14.0 


79.5  Iba 


Total  impulse 
C  p  a i -ms  e c  ) 

27 . 0 
3  1.0 
40 . 0 
52 . 0 
38 . 0 
no  data 
26 . 0 
19.0 
23.0 
2  1.0 
22  .  0 
19.0 
37.0 
29.0 
23.0 
3  1.0 
16.0 
15.0 
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TABLE  12 


(ft) 

(  p  s  i  ) 

( p  s i -ms  »ci 

(  f  t  /  I  b 

3 

.  7  1 

33 . 3 

22 

3  . 

56 

5 

.  96 

30  .  1 

1  3 

5. 

72 

8 

2  1 

15.1 

10 

7. 

88 

10 

.46 

9 . 3 

8 

10  . 

04 

1  4 

.96 

5 . 0 

6 

1  4  . 

36 

19 

.46 

3  .  3 

4 

1  8  . 

68 

R 

(ft) 


B 

(  p  s  i  ) 


( p  » i -ms  e  c ) 


(  f  t  /  I  b 


3.71 
5 . 96 
8.21 

10.46 
14.96 

19.46 


388 . 2 
149.0 
77  0 
4  1.5 
18.2 
10.7 


1  .78 
2.86 
3 .94 
5 . 02 
7.18 
9 .34 


R 

(ft) 


B 

(  p  s  i  ) 


( p  s i -ms  e c ) 


(  f  t  /  I  b 


3.71 

562.0 

5 . 96 

231.0 

8.21 

119.0 

10.46 

7  1.5 

14.96 

28 . 8 

19.46 

16. .4 

1.44 

2 .32 
3.19 
4  .07 
5 . 82 
7  .57 


R/W ,/S  (ft/ik>,/S  )  R/W 

Figure  5.  Test  Results,  Scaled  Wall  Height  =  2.2  ft/lb1'  ,  90  degree  gage  line. 


R/W  (ft/lb  )  R/W  V  (ft/lb1 

Figure  6.  Test  Results,  Scaled  Wall  Height  =  2.2  ft/1 b1/3 .  45  degree  gage  line. 
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0«<0  a 


■pt  ,01 
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R/W w  (ft/tti  )  R/W  (ft/lb 

Figure  8.  Tests  Results,  Scaled  Wall  Height  =  1.1  ft/1  b*^,.  45- degree  gage  line. 
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R/W  (ft/!b  ) 

Figure  9.  Test  Results,  Scaled  Wall  Height  =  0.9  ft/lb1'  ,  90  degree  gage  line. 
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Figure  10.  Test  Results,  Scaled  Wall  Height  =  0.9  ft/lb  '  ,  45  degree  gage  line. 
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Figure  11.  Preliminary  design  curves.  Surface  gages,  no  canopy. 
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Figure  14.  Preliminary  design  curves.  Surface  gages,  Mall  with  canopies. 
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THE  IMPACT  OF  EXPLOSIVE  SAFETY  ON  READINESS 
THE  PRICE  OF  SAFETY 


by 

Brigadier  General  Paul  L.  Greenberg 
Deputy  Commanding  General 
for  Procurement  and  Readiness 
HQ,  US  ARMY  ARMAMENT,  MUNITIONS  AND  CHEMICAL  COMMAND 


at 

Twenty- Second  Explosives  Safety  Seminar 
Anaheim,  California 
August  27,  1986 


THE  PRICE  OF  SAFETY 


I  appreciate  the  opportunity  to  speak  to  you  today  at  this  22nd  Explosives 
Safety  Seminar.  It  Is  an  honor  and  a  privilege  to  address  such  a  distinguished 
gathering.  The  diversity  of  the  attendees,  representing,  as  you  do,  United  States 
military  services,  private  Industry,  and  academia  as  well  as  the  counterparts  from 
many  other  nations  Is  truly  Impressive. 

Safety,  particularly  explosives  safety.  Is  a  very  real  and  constant  part 
of  my  duties.  Among  my  responsibilities  are  the  operation  and  management  of 
AMCCOM's  production  base,  the  arsenal\nd  ammunition  plants,  and  the  contracts 
we  have  with  many_at^ou-Al_your  Industrial  facilities. 


iyjlt^ow-al_^ouif  Inc 

Sc  uSSOrT> 

I  was  asked  by^COL  Hal  stela  to 
IW  F1 


consider 4 wo  contrasting  viewpoints  regarding 
explosives  safety  First,  safety  as  a  stumbfTng  block  to  readiness,  and  second, 
safety  as  an  enhancer  of  readiness^  ar^_ 

Let  me JULdd-^-ficst-the  prupoiitlon  chat  safety  is  a  stumbling  block  to 
readiness.  53$afety  Is  expensive.  First  there  is  the  cost  of  the  safety  personnel 
themselves^  In  AMCCOH  we  have  not  only  the  government  safety  staffs,  but  also 
the  staffs  of  the  conTractors  thaTbperate  our  ammunition  plantsrASecond,  are 
the  facility  and  equipment  costs.  When  dealing  with  explosives  and  the  other 
hazardous  materials  that  are  involved  in  the  production  of  ammunition  we  have 
costly  electrical  equipment  approved  for  use  in  hazardous  locations.  Operations 
are  often  conducted  remotely  decreasing  the  production  rate  and  Increasing  the 
cost  of  equipment  required.  Barricades  and  portions  of  buildings  are  constructed 
of  specially  designed  steel  reinforced  concrete,  and  the  buildings  are  separated 
from  each  other  by  distances  that  greatly  Increase  transit  time  and  costs,  not  to 
mention  utility  runs  and  energy  costs.  The  equipment  often  has  redundant  controls, 
guards,  and  shields  decreasing  rate ^rtd  increasing  cost. 

^ - „  - 

Safety  reviews  of  project  designs,  hazard  analysis  of  proposed  or  ongoing 
operations  significantly  delay  the  start  of  projects  and  frequently  result  in 
additional  costs^to  address  conditions  noted  during  the  reviews  and  analyses. 
Operational ly,"'s*rety  procedures  are  often  elaborate,  requiring  adherence  to  step- 
by-step  directions,  permitting  none  of  the  "field  fixes"  or  changes  that  can  be 
used  to  speed  up  the  work. 


Safety  Is  often  not  popular  with  the  general  public  or  with  those  concerned 
with  the  opinions  of  the  body  politic.  Buffer  zones  for  quantity  distance  are 
encroachments  on  what  could  be  public  lands  used  for  recreational  or  other  pur¬ 
poses.  If  you  are  In  private  industry,  these  real  estate  requirements  have  a  very 
real  dollar  and  cents  Impact.  In  developed  nations,  the  contest  between  opera¬ 
tional  necessity  and  public  desires  or  needs  Is  never  ending  and  never  easy. 


\ 


I  could  gc  on,  but  I  believe  you  recognize  what  I'm  saying  and  could  add 
examples  of  your  own.  'Safety  is  expensive  and  time  consuming.  In  a  period  of 
shrinking  resources,  the  need  to  commit  every  defense  dollar  to  those  activities 
that  most  enhance  readiness  Is  paramount..  Often  the  questions  must  be  asked. 
"What  can  we  afford?",  "What  can  be  trlmmqd  from  this  project?",  "How  can  we 
speed  It  up?",  or,  again,  "Is  It  too  expensive?" 
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The  answer  to  those  questions,  as  they  apply  to  safety,  znd  the  response 
to  the  proposition  that  safety  Impedes  readiness  is  contained  in  the  logical  ex¬ 
tension  of  the  old  saying,  “Experience  is  the  best  teacher."  Yes,  experience 
Is  the  best  teacher.  Her  iessons  are  swiftly  delivered  and  strongly  etched  on 
our  memories.  It  is  just  that  we  cannot  afford  the  tuition  she  charges.  Tuition 
Is  paid  In  units  of  accidents.  Accidents  have  surcharges  of  deaths.  Injuries, 
damages  and  mission  degradation.  Accidents  are  the  price  of  short  changing 
safety  at  various  decision  points  in  a  process  or  project. 

Each  of  us  has  our  own  accident  reporting  systems  that  record  the  costs  of 
accidents,  but  many  Indirect  costs  never  make  these  reports.  Let  me  give  you  an 
example  for  which  my  people  were  able  to  supplement  the  normally  recorded  infor¬ 
mation.  This  accident  was  the  February  1985  explosion  in  the  nitration  house 
of  the  batch  type  nitration  system  at  our  Radford,  Virginia  ammunition  plant.  Two 
of  our  people  were  killed  and  the  nitration  house  was  completely  destroyed.  Other 
personnel  received  more  minor  Injuries  and  there  was  damage  ranging  from  severe 
to  mild  to  other  facilities  on  post.  The  quantity-distance  relationships  adhered 
to  resulted  in  the  damage  being  no  more  severe  than  Is  normally  associated  with 
the  separation  distances.  It  Is,  however,  sometimes  difficult  to  explain  to  those 
less  skilled  in  explosives  safety  than  yourselves,  that  Intraline  distance  only 
defines  the  degree  of  damage  anticipated  in  the  event  of  an  explosion.  It  does 
not  mean  that  damage  will  be  limited  to  the  structure  in  which  the  explosion  occurs. 

The  officially  recorded  cost  of  the  accident  was  $1,926,000  in  property 
damages.  Although  no  amount  of  money  can  compensate  for  the  loss  of  life,  for 
statistical  purposes,  the  loss  of  a  life  is  given  a  dollar  value.  Thus  the  direct 
cost  of  the  accident  was  just  short  of  $2  million  in  property  damage  and  $350,000 
In  Injury  costs. 

The  accident  was  Investigated  by  a  select  Army  team  of  six  military  and 
civilian  personnel.  These  Individuals  were  assisted  by  three  consultants  from 
Industry  and  universities  and  the  now  retired  chairman  of  a  previous  board  of 
Investigation.  An  additional  six  individuals  met  with  the  investigation  board 
for  a  shorter  period.  The  period  of  the  investigation  extended  from  6  Feb  85  to 
19  Apr  85,  although  the  board  was  not  In  continual  session.  This  amounts  to  ap¬ 
proximately  $80,000  In  salaries  at  government  pay  scales  for  the  government  Inves¬ 
tigation  team  and  the  supporting  consultants.  Transportation  and  per  diem  costs 
for  the  government  members  were  approximately  $24,000.  Not  Included  are  any  costs 
associated  with  the  individuals  who  met  with  the  board  for  shorter  periods. 
Similarly,  we  do  not  have  any  means  of  estimating  the  Impact  on  the  organizations 
from  which  the  board  members  were  drawn.  All  had  regular  assignments  that  had  to 
be  accomplished  by  others  in  their  absence. 

An  Investigation  of  this  magnitude  requires  considerable  installation  sup¬ 
port.  At  Radford,  a  contractor  operated  facility,  most  of  the  support  require¬ 
ments  were  levied  on  the  contractor  staff.  The  contractor  Involvement  included 
personnel  In  technical  services  in  hazard  analysis  and  testing  ($71,000),  engineer¬ 
ing  ($102,000),  chemical  process  ($47,000),  and  maintenance  ($600,000).  Administra¬ 
tive  support  Including  $2500  in  labor  and  materials  in  for  photographic  coverage 
and  reproduction  of  the  final  report. 


801 


The  repairs  to  the  other  structures*  beyond  the  manpower  cost  I  mentioned 
•mounted  to  $96,000  for  the  materials.  Considering  the  nitration  building  Itself, 

It  had  a  book  value  of  $848,000,  signifying  that  It  cost  about  that  In  1940,  when 
constructed.  To  replace  It  In  kind  was  estimated  at  $1,900,000.  Re-examination 
of  our  needs  and  our  desire  to  provide  the  best  protection  possible  for  our .work¬ 
force,  following  studies  of  nitroglycerine  facilities  worldwide,  has  resulted  In 
the  design  of  a  modernized  facility  costing  nearly  $10,000,000.  This  new  facility 
will,  of  course,  be  much  more  than  a  replacement  of  the  lost  facility. 

With  this  facility  out  of  action.  It  was  necessary  to  buy  nitroglycerin  and 
premix  from  commercial  sources  to  stabilize  production  end  employment.  An 
additional  $925,000  was  required  for  the  purchase  and  transportation  of  these 
materials.  Despite  these  efforts  to  stabilize  the  situation,  as  many  as  500 
personnel  were  furloughed  at  various  times  following  the  accident. 

There  are  additional  costs,  both  tangible  and  intangible,  that  are  more  diffi¬ 
cult  to  calculate  accurately.  These  Include  the  Impact  on  the  confidence  of  the 
workforce,  our  neighbors  In  the  Radford  community,  and  with  the  state  and  federal 
legislators,  the  lost  productich  opportunity  and  the  time  value  of  money.  Even 
without  these  areas  of  impact,  the  cost  of  accident  is  now  over  4  million  dollars, 
double  the  cost  based  on  conventional  measures. 

I  realize  that  not  all  accidents  are  of  the  same  magnitude  or  consequences. 
Unfortunately,  there  Is  no  fixed  ratio  between  the  consequences  of  an  accident 
and  what  we  are  able  to  learn  from  It.  We  pay  dearly  for  what  we  learn  f»*om  the 
major  accidents.  Taking  the  Uadford  example,  what  would  4  million  dollars  have 
bought  In  terms  of  readiness?  What  is  that  in  M483  projectiles?  In  RAAP  (rocket 
assisted  projectiles)?  In  small  arms?  (See  viewgraph) 

Balanced  against  the  cost  of  this  and  other  accidents  is  the  cost  of  safety 
itself.  When  I  briefly  examined  the  Impacts  of  safety  on  readiness  earlier, 
many  areas  of  cost  were  indicated.  Collectively,  these  costs  could  be  considered 
to  be  the  preventive  costs.  I  had  intended  to  contrast  the  cost  of  safety  with 
the  cost  of  accidents.  I  am  unable  to  do  so,  and  upon  reflection.  I'm  please*-  I 
cannot.  The  cost  of  accidents  can  be  specified.  If  only  imprecisely  as  In  the 
example  above.  Safety,  however.  Is  so  thoroughly  Ingrained  In  the  structure  of 
AMCCOM,  that  only  In  certain  areas  can  the  cost  of  safety  be  separated  from  the 
overall  cost  of  performing  the  mission.  The  cost  of  the  AMCCOM  safety  staffs 
can  be  determined  precisely.  The  cost  of  their  activities.  In  designs  for  projects 
for  new  or  modified  facilities,  could  be  extracted  from  the  over  all  project  cost 
only  with  great  difficulty.  I  can,  with  precision,  list  the  cost  of  each  manu¬ 
facturing  methods  and  technology  project  (MMT)  that  was  accomplished  solely  to 
answer  a  pressing  safety  need,  but  I  cannot  assess  the  time  spent  by  my  subordi¬ 
nate  commanders  and  managers  on  safety,  nod  yet  that  Is  a  chargeable  responsibility 
for  each.  I  can  tell  you  that  AMCCOM  Is  pressing  ahead  in  exploring  new  areas  to 
Increase  the  expertise  in  safety.  We  are  now  looking  at  virtually  every  accident 
Involving  energetic  material  that  results  In  measureable  damage  or*  any  degree  of 
injury.  We  are  In  the  process  of  establishing  a  special  center  within  the  command 
to  be  a  special  safety  resource  to  serve  our  production  base  installations.  We  are 
conducting  special  reviews  and  studies  of  phenomena  related  to  explosives  accidents 
and  are  sending  special  teams  to  investigate  a  greatly  Increased  number  of  accidents. 
This  year  saw  the  first  of  a  series  of  projects  specifically  oriented  toward  the 
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elimination  of  deviations  from  regulatory  safety  requirements  (we  have  already 
cut  these  by  more  than  half)  and  to  remove  the  man,  our  operating  personnel,  from 
exposure  to  explosives.  These  are  tough  challenges,  but  we  have  begun. 

I  cannot  put  a  specific  cost  on  these  initiatives,  or  many  of  the  other 
aspects  of  an  aggressive  safety  program.  Nor  do  I  have  to.  AMCCOM  has  answered 
the  question  -  5Can  we  afford  safety?"  -  with  a  resounding  -  "Yes." 

I  would  like  to  leave  you  with  a  challenge.  It  seems  that  after  too  many 
of  our  accidents  we  find  that  the  cause  was  a  relatively  simple  thing  or  series 
of  simple  things.  In  other  cases,  regretably,  the  cause  may  be  found  to  be 
literally  "dumb"  mistakes.  We  use  the  techniques  of  hazards  analysis  to  examine 
our  processes  and  equipment.  We  train  both  supervisors  and  employees  to 
recognize  hazards  and  to  follow  procedures.  We  repetlvely  Inspect,  review  and 
test.  Then  we  do  It  again.  Still,  although  with  decreasing  frequency,  we  ex¬ 
perience  accidents. 

What  can  be  done  to  change  that  old  Pennsylvania  Dutch  proverb,  "Old  we 
get  too  suen,  and  smart  we  get  too  late."? 


eee  sood-av 
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ABSTRACT 


1.  For  many  of  you  not  familiar  with  life  'Down  Under'  I  will 
explain  a  littla  of  our  geographic  location  twixt  Indian  and  Pacific 
ocaana.  Australia  is  a  large  country  somewhat  similar  in  sisa  to  the 
continental  portion  of  the  United  States,  however,  our  population  is  a 
sparse  IS  million  mainly  concentrated  around  the  south-eastern  seaboard. 
Accordingly  our  limited  defence  forces  and  in  particular  the  Navy  have  a 
vast  area  to  cover.  Traditionally  the  Navy  has  operated  from  its  main 
base  in  Sydney,  however,  strategic  and  operational  considerations  now 
dictate  that  this  operating  pattern  should  be  reviewed.  Our  Prime 
Minister,  Mr  Hawke,  made  an  announcement  in  November  last  year  on  the 
planned  relocation  of  Naval  armament  facilities  from  Sydney  to  Jervis  Bay 
by  1992  and  for  an  examination  into  the  relocation  of  the  fleet  base, 
submarine  and  mine  warfare  baaes  over  the  next  20  years.  He  also 
emphasised  the  need  to  build  up  ship  numbers  in  Western  Australia  which 
may  give  rise  to  a  Two  Ocean  navy  concept,  y 

2.  It  is  against  this  background  that  ihe  Royal  Australian  Navy  is 
about  to  embark  upon  a  major  construct'Z&n  project  foi  a  central 
ammunition  depot  to  replace  existing  facilities  in  eastern  Australia. 
These  will  be  used  for  a  variety  of  storage,  test  and  maintenance 
functions  for  RAN  conventional  ammunition  of  all  types.  The  facilities 
will  embrace  latest  design  criteria^with  building  being  undertaken  by  the 
Department  of  Housing  and  Construct^*! . 


INTRODUCTION 


3.  The  history  of  the  storage  of  munitions  on  Australian  soil  is 
as  old  as  recent  history  of  the  country.  The  first  fleet  was  led  by  HMS 
SIRIUS  a  frigate  of  540  tons,  she  was  fitted  with  6  carronades  and  14  six 
pounders.  Shortly  after  her  arrival  in  Sydney  Cove  in  1788  eight  of  the 
six  pounders  with  24  rounds  of  shot  for  each,  plus  20  half  barrels  of 
powder  were  landed  at  Dawes  Point  and  held  there  in  a  redoubt.  This  is 
now  the  site  of  the  southern  pylon  of  the  harbour  bridge.  The  first 
permanent  magazines  ashore  were  established  at  Goat  Island  in  the  early 
1800's  and  a  powder  magazine  was  constructed  at  Spectacle  Island  in 
1865. 


4.  In  the  1870 's  negotiations  which  had  long  continued  between  the 
Admiralty  and  the  Colonial  Government  concerning  the  site  for  a  Naval 
depot  had  reached  an  impasse,  which  centred  upon  the  desire  of  the  Naval 
authorities  to  have  Garden  Island  but  Commodore  Goodenough,  who  was  then 
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in  command  of  tho  Australian  Station,  raportad  that  tha  inhabitants  of 
Sydney  would  strongly  object  to  tha  stowing  of  powdar  so  naar  to  tha 
town,  and  ha  edviaad  tha  ratantion  of  tha  Naval  magazines  on  Qoat 
Island . 

5.  It  was  not  long,  howavar,  bafora  tha  Navy  found  tha  naad  for 

additional  storaga  and  tha  firs*  explosive  storahousa  was  built  at 
Boaabuah  Bay  ( RAN AD  NEWINGTON)  in  1696.  Thara  was  gradual  development  of 
this  site  with  substantial  works  oecuring  during  WW1X,  which  mainly 
cantered  around  tha  storaqe  of  ammunition  for  tha  American  and  British 
Pacific  Fleets.  Zn  fact  a  number  of  tha  magasinas  are  of  USN 
construction.  Also  developed  during  WWIX  was  tha  RMT  Central  Ammunition 
Depot  which  is  shared  with  Navy  as  RAN AD  KIN^SWOOD. 


WHY  WOVE 


6.  The  present  arrangements  for  ammunitioning  and  daammunitioning 
ships  in  Sydney  through  Fingswood,  Newington  and  Spectacle  Island, 
utilising  water,  road  and  rail  transport  have  many  inadequacies.  These 
are  tine  consuming  and  labour  intensive  and,  as  a  result  uneconomic. 
Thera  are  also  many  difficulties  in  meeting  tha  safety  requirements  for 
the  transportation  and  storage  of  explosives.  The  facilities,  especially 
those  at  Newington,  are  antiquated  and  in  need  of  replacement. 

7.  There  is  an  overall  desire  to  remove  naval  activity  from  the 
Sydney  foreshore  where  this  is  Incompatible  with  other  forma  of 
development.  For  many  years  strong  pressure  has  been  exerted  by  state 
and  local  Government  for  Navy  to  move  from  Newington.  Pressure  to  move 
from  Kingswood  has  been  minor,  but  must  increase  as  the  metropolitan  area 
creeps  inevitably  westwards. 


WHY  JERVIS  BAY 


6.  Studies  for  the  relocation  of  Naval  armament  facilties  have 

been  conducted  over  a  number  of  years  and  all  heve  concluded  that  the 
only  suitable  site  that  is  readily  available  on  the  NSW  coast  is  at 
Jervis  Bay.  A  zone  planning  exercise  has  also  been  undertaken  to 
consider  all  RAN  long  term  plans  in  the  Jervis  Bay  region  to  ensure  that 
the  armament  depot  proposal  is  compatilbe  with  other  requirements. 
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9  Mi  essential  feature  la  for  tha  da  pot  to  be  within  reasonable 
transit  of  tha  raflttlng  and  support  facilities  that  exist  In  Sydney,  as 
It  la  necessary  to  disembark  ammunition  outfits  prior  to  ships  entering 
rafit  or  rout  in*  docking.  Xt  is  also  desirable  for  tha  dapot  to  ba 
located  ..loae  to  tha  Min  Naval  axarclte  araas  thus  avoiding  long 
transits  and  loss  of  valuable  axarclsa  time.  Until  recently  tha  RAN  has 
not  had  tha  ability  to  conduct  underway  replenishMnt  of  munitions  and 
even  with  tha  coaaisioni:  g  of  HMAS  SUCCESS  this  will  reaain  a  liaitad 
capability. 


10.  The  graatast  single  factor  in  planning  has  bean  finding  a  site 
for  the  explosives  wharf.  Owing  to  tha  relatively  large  area  required  to 
Mat  quantity  distances  and  the  need  not  to  coaproalse  other  possible 
developaents  tha  only  suitable  site  for  a  wharf  appears  to  ba  at  Green 
Point  on  the  Bancroft  Peninsula.  Siting  of  tha  dapot  posed  another  sat 
of  probleac  and  9  potential  sites  that  could  link  with  tha  wharf  were 
considered.  A  preferred  site  clear  of  all  major  constraints  has  now  been 
selected  in  the  Currambene  State  Porest. 


THE  REQUIREMENT 


11.  Vie  project  saaks  to  establish  r  wharf  to  cater  for  all  IMA 
Ships  and  commercial  vassals  up  to  30,000  DNT.  The  sisa  of  tha  depot  has 
been  predicted  upon  the  forecast  composition  of  the  fleet  for  1990,  in 
catering  for  ship's  outfits  plus  support  outfits  and  practice 
allowances.  Tha  first  stage  of  development  Involves  the  closure  of 
Newington  and  at  a  later  stage  t..e  transfer  of  missile  and  torpedo 
maintenance  from  Kingswood.  The  total  area  required  to  accommodate  these 
facilities  is: 


wharf  2450  Ha 

dapot  1500  Ha 

12.  The  requirement  ic  based  upon  two  assumptions. 

a.  The  RAN  will  continue  to  maintain  its  main  bases, 
dockyards  and  refitting  facilities  in  south-east 
Australia,  and  centralise  stockholdings  in  this  area. 
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b.  Tha  project  will  procaed  with  the  co-ope ration  of  tho  NSW 
Government,  Mid  that  additional  land  requirements  will  be 
purchased  by  tha  Co— onwealth. 


SHE  C0W8I01RAHCBS 


U.  Tha  aita  for  an  armament  wharf  at  Green  Point  la  fortunataly  on 
Co— onwaalth  own  ad  land.  Tha  area  —inly  comprises  unusad  bush,  hovavar, 
being  on  tha  erowdad  coastal  bait  thara  ara  many  environmental  issues. 
Tha  ragion  includes  a  number  of  diverse  plant  eo— unitiaa  consisting  of 
rain  forest,  mangroves,  awaap  and  haath.  Tha  layout  and  construction 
will  thara for*  naad  to  take  account  of  tho  acological  and  hydrological 
aspects  of  tha  area.  Tha  antira  Bancroft  Pan insula  has  boon  listed  on 
tha  Register  of  tha  National  Estate,  accordingly  tha  proposal  will 
require  consideration  by  tha  Australian  Heritage  Co— ission  as  wall  as 
tha  Department  of  Arts,  Beritag*  and  finvironaent.  An  anvironnantal 
impact  statement  is  therefore  required  and  consultants  are  expected  to  be 
co— ission ad  for  this  purpose  in  September  this  year. 

14.  Frosi  tha  functional  viewpoint  colocation  of  the  wharf  and  depot 
is  highly  desirable,  baing  both  operationally  efficient  and  coat 
affective.  Site  options  1  and  2  for  tha  depot  are  on  Commonwealth 
property  on  the  Beecroft  Peninsula ,  however,  tha  quantity  distances 
involved  border  tha  village  of  Currarong  and  tha  Naval  bombardment 
rsnga.  Thara  is  littla  roos,  thorafora,  far  expansion  and  for  safaty 
reasons  it  is  prudant  to  move  tha  dapot  frost  Beacroft. 

15.  All  lands  adjacent  to  the  wharf  of  sufficient  area  to 
accoassodata  an  arsasant  dapot  hava  baan  con side rad  and  a  n unbar  rejectsd 
for  environmental  reasons  or  because  of  incompatibility  with  possible 
future  developments.  The  first  suitable  area  that  is  clear  of  all  known 
restrictions  is  some  16  KBs  from  the  wharf.  Nhils  distance  represents  s 
disadvantage,  this  site  is  belisved  to  provide  the  best  solution  to  the 
overall  requirement  As  the  depot  site  embraces  State  Forest,  Crown  Land 
and  public  property,  negotiations  are  underway  batveen  tha  Commonwealth 
and  State  Governments  for  tha  avantual  transfer  of  this  land. 
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POLITICAL  AND  PUSLIC  HtfMttRt 


16.  As  Oa— o flora  Goodenough  obitrvtd  tlwri  la  no  great  enthusiasm 
MORtat  the  ganiral  poplace  for  anunnt  depots.  This  la  daapita  tha 
fact  that  auch  facllitlaa  are  benign  in  their  acopa  of  activity  and 
furthermore  ara  llkaly  to  preserve  tha  pristine  nature  of  large  tracta  of 
land  in  lta  original  atata.  It  ia  of  lntereat  that  tha  N  SWING  TON 
armament  depot  eontaina  the  only  significant  atand  of  treea  in  the 
central  western  auburba  of  Sydney  that  can  ba  aaid  to  be  xapreaentative 
of  tha  area  at  the  tine  of  the  first  white  settlement.  Naturally  there 
ia  public  concern  to  aafety  through  accidental  explosion  and  tha  creation 
of  a  possible  target.  Araaaent  facllitlaa  should,  therefore,  be  sited 
well  clear  of  habitation  and  public  property.  This  la  v'sut»d  at  the 
proposed  depot  alto  and  as  no  explosives  will  ba  permanently  retained  on 
the  wherf,  the  problem  is  of  a  temporary  aberration  in  that  locality. 

17.  The  project  taan  has  bean  conscious  nf  public  opinion  and 
political  nuances.  Thera  ara  benefits  to  the  local  area  which  nuat  be 
capitalised,  these  are  mainly  economic  in  terms  of  increased  employment 
opportunities,  tha  injection  of  additional  income  to  tha  local  community 
and  tha  potential  market  for  the  infrastructure  to  support  the 
construction  and  operational  phases  of  development.  Social  benefits  will 
also  flow  in  improved  transportation  links  and  the  social,  culteral  and 
educational  services  required  to  eater  for  an  enhanced  population  base. 
A  public  information  campaign  haa  bean  developed  end  there  ara  regular 
visit  to  discuss  issues  with  the  local  residents. 


CONSTRUCTION  AND  COMIISSIONING 


18.  As  a  preliminary  to  the  major  construction  it  will  ba  nacessary 

to  conduct  substantial  advanced  works  comprising : 


External  Services 

upgrade  or  replace  approximately  20  km  of  public  road 
provide  electrical  power 
provide  mains  fresh  water 
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Internal  Services 


internal  roadworks 
reticulation  of  services 
surface  drainage 
sewerage  drainage 
sewerage  facilities 
security  fencing 
fire  breaks 

19.  The  initial  stage  of  construction  will  comprise  a  wharf, 
niseile  and  torpedo  storage,  explosive  and  non-explosive  storehouses  for 
conventional  aununition,  explosive  and  general  engineering  workshops,  a 
container  handling  area  and  administration  building.  The  user 
requirements  have  been  validated  against  experiences  gained  through 
studies  from  overseas  sources.  Theses  studijs  have  demonstrated  a  need 
to  standardise  designs,  accordingly  US  criteria  has  generally  been 
adopted  as  a  design  philosophy  and  a  technical  support  case  has  been 
sought  through  the  USN  to  provide  oversight  to  the  design.  Hovever, 
there  are  certain  hone  grown  characteristics  to  be  considered;  for 
example  the  workshops  are  likely  to  be  constructed  on  rocky  terrain, 
therefore  tests  will  need  to  be  conducted  to  ensure  inter-magazine  safety 
distances  meet  our  specifications. 

20.  The  nev  facilities  which  are  due  to  commission  in  1992  will  be 
subject  to  intensive  scrutiny  through  an  Environmental  impact  Study  and 
by  fhe  Parliamentary  Works  Committee  prior  to  Government  approval.  The 
Jervis  Bay  Armament  Depot  project  will  provide  contemporary  facilities 
and  through  considerable  economics  of  operations  make  better  use  of 
limited  resources. 
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TRAINING  FOR  SAFETY  IN  THE  MILITARY  ENVIRONMENT 
PRESENTATION  BY  BRIGADIER  M  C  OWEN, 

DIRECTOR  OF  LAND  SERVICE  AMMUNITION 
AND  CHIEF  INSPECTOR  OF  EXPLOSIVES  FOR  TOE  BRITISH  ARMY 
FOR  AMERICAN  TRIP 


1 .  The  military  environment  places  exacting  and  often  conflicting  demands  on  ammunition  and  explosives  and  on 
the  men  who  handle  and  use  them.  In  peacetime,  large  stocks  must  be  maintained  to  allow  for  rapid  mobilisation 
when  required,  but  financial  constraints  permit  only  a  small  proportion  of  these  to  be  turned  over  during  training. 
The  remainder  are  expected  to  be  stored  for  several  years,  often  in  extremes  of  climate,  and  yet  remain  safe  for 
immediate  use  anywhere  in  the  world  without  detriment  to  their  performance.  At  all  times  the  stocks  must  withstand 
transportation  by  land,  sea  and  air,  by  a  variety  of  unforgiving  means.  In  combat  they  must  endure  small  arms  fire, 
explosions,  high  velocity  fragments,  chemical  attack  and  a  wide  spectrum  of  radio  frequency  hazards,  yet  still 
function  perfectly  when  required.  At  all  stages,  safety  is  of  paramount  importance  and,  even  in  combat  conditions, 
it  is  preferable  that  the  ammunition  kills  foes  not  friends. 

2.  Such  an  environment  clearly  demands  high  standards  of  safety  among  the  soldier  technicians  responsible  for 
the  ammunition  throughout  its  Service  life. 

3.  My  appointment  as  Director  of  Land  Service  Ammunition  and  Chief  Inspector  of  Explosives  for  the  British 
Army  makes  me  responsible  for  the  safety,  proof,  test,  inspection,  repair  and  disposal  of  our  ammunition  throughout 
its  Service  life,  and  often  beyond.  I,  and  members  of  my  staff,  represent  the  Army  in  the  ammunition  technical  Held 
on  tri-Service  committees  and  working  parties  which  meet  with  other  agencies  such  as  the  Explosives  Storage  and 
Transport  Committee,  known  as  ESTC,  and  the  Defence  Explosives  Safety  Authority,  DESA.  The  latter  provides  the 
interface  between  the  Health  and  Safety  Executive  -  the  authority  for  enforcing  the  Health  and  Safety  at  Work  Act, 
and  the  Defence  Services.  My  responsibilities  are  exercised  through  the  Ammunition  Technical  Officers  (ATO)  and 
Ammunition  Technicians  (AT)  of  my  Corps  —  the  Royal  Army  Ordnance  Corps,  and  by  the  publication  of 
Ammunition  and  Explosive  Regulations  (A  and  ERs)  which  provide  guidance  and  direction  to  my  technical 
personnel. 

4.  Everyone  who  handles  or  uses  ammunition  ha3  a  responsibility  for  safety.  For  example,  a  tank  crew  must 
follow  certain  laid-down  gunnery  drills  lest  they  commit  an  indiscretion.  However,  this  presentation  will  concentrate 
on  skills  within  my  area  of  influence;  the  training  of  our  Ammunition  Technicians.  Our  Ammunition  Technical 
Officers,  commissioned  officers,  receive  similar  training  but,  as  it  is  the  Ammunition  Technician  the  non  commissioned 
technician,  who  lives  with  ammunition  throughout  his  career,  I  will  concentrate  on  him. 

5.  Ammunition  Technicians,  and  indeed  Ammunition  Technical  Officers,  receive  their  professional  technical 
training  at  the  British  Army  School  of  Ammunition  in  Warwickshire.  The  School  also  provides  a  wide  range  of  other 
courses  for  both  technical  and  non-technical  personnel  covering  the  full  spectrum  of  ammunition  duties  from 
Ammunition  Familiarisation  courses  for  fighting  units,  to  seminars  for  the  operators  of  sophisticated  equipment  in 
operational  bomb  disposal  teams.  Whatever  the  course  of  training,  the  nature  of  ammunition  and  explosives  demands 
a  constant  emphasis  on  safety  throughout.  Students  from  some  88  countries  have  attended  courses  at  the  School. 
The  voices  of  American  students  are  heard  throughout  much  of  the  year. 

6.  The  aim  of  all  training  is  to  bring  a  student  to  a  desired  standard  of  job  performance  by  instruction  and 
practice.  Before  designing  any  course  of  instruction  it  is  therefore  essential  to  analyse  the  job  to  be  performed  and 
specify  the  standard  to  which  the  student  must  be  trained.  At  the  School  considerable  effort  is  put  into  ensuring 
that  the  right  calibre  of  student  is  selected  for  Ammunition  Technical  training  and  that  students  then  achieve  the 
training  objectives  set  out  for  each  aspect  of  the  course.  Where  an  objective  is  directly  concerned  with  safety,  failure 
to  meet  the  standards  laid  down  means  failure  on  the  particular  phase  of  instruction,  so  that  the  student  must  be 
retested  or  rejected. 

7.  I  will  now  proceed  to  look  more  closely  at  the  work  of  the  Ammunition  Technician  and  the  training  required 
to  prepare  him  for  this  work  throughout  his  career. 
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8.  The  technician’s  work  covers  4  broad  areas;  the  storage  and  movement  of  ammunition  whether  in  depots  or 
units  or  in  the  field;  the  surveillance  of  ammunition  to  ensure  safety  during  its  storage  and  handling  and  its  correct 
functioning  when  required  for  use. 

9.  To  prepare  him  for  this  wide  range  of  responsibilities  the  Ammunition  Technician  must  have  a  thorough 
undemanding  of  the  theory  of  explosives  and  the  principles  of  ammunition  design.  He  therefore  spends  the  first  S 
weeks  of  his  basic  Ammunition  Technician  course  at  the  Royal  Military  College  of  Science  in  Wiltshire,  the  Army’s 
University,  where  he  gets  instruction  in  the  basic  scientific  principles  of  ballistics,  explosive  chemistry,  polymer 
science,  mathematics,  nuclear  physics,  metallurgy  physics,  electronics  and  mechanical  design.  Student  Ammunition 
Technicians  attending  this  phase  of  the  course  are  the  only  non-commissioned  students  to  receive  instruction  at  the 
College  which  is  otherwise  a  seat  of  learning  for  officers  and  equivalently  graded  civilians.  1  should  point  out  that  our 
Ammunition  Technical  Officers  undergo  a  far  more  in-depth  study  of  these  subjects  over  a  period  of  6  months  at  the 
College  before  moving  to  the  Army  School  of  Ammunition  to  complete  their  technical  training. 

10.  On  arrival  at  the  School  the  student  Ammunition  Technician  spends  several  weeks  in  the  classroom,  studying 
the  make-up  and  functioning  of  every  nature  of  Land  Service  Ammunition.  This  includes  Guided  Missiles  currently 
in  service,  including  Milan.  Instruction  during  this  period  is  punctuated  by  regular  examinations  to  ensure  that  all 
essential  safety  factors  have  ceen  thoroughly  assimilated  and  the  student  is  able  to  use  the  volumes  of  technical 
manuals  available  to  him  as  and  when  required,  However  the  student  is  not  confined  entirely  to  the  classroom  during 
this  phase.  Once  the  essential  theoretical  knowledge  for  each  nature  has  been  understood  he  spends  time  in  the 
School’s  own  Ammunition  Process  Building,  known  as  workshops,  inspecting  and  handling  the  live  ammunition 
under  the  very  watchful  eye  of  experienced  instructors. 

11.  Having  thus  learnt  to  relate  his  scientific  education  to  the  practicalities  of  ammunition,  the  student  goes  on  to 
learn  the  regulations  and  principles  governing  the  storage  and  movement  of  ammunition  and  the  procedures  for  in- 
service  proof.  This  is  followed  by  a  5  week  period  of  practical  ammunition  and  repair  in  the  workshops.  Instruction 
during  this  phase  is  necessarily  detailed  because  it  is  in  the  workshops  of  major  ammunition  depots  that  the  young 
technician  will  usually  spend  the  first  few  years  of  his  service. 

12.  To  complete  his  first  course  of  technical  training  the  student  spends  one  week  learning  the  basics  of  EOD 
procedures  on  demolition  and  burning  grounds,  and  a  further  2  weeks  learning  to  handle  the  explosives  and 
equipment  he  will  meet  as  an  assistant  on  a  bomb  disposal  team. 

13.  Before  he  returns  to  the  School  to  attend  the  next  stage  of  his  technical  training,  he  will  have  gained  at  least  2 

years  practical  experience  and  the  rank  of  Corporal.  It  is  essential  to  understand  that  a  most  important  aspect  of 
training  for  safety  is  leadership  training.  It  is  vital  that,  in  performing  a  potentially  dangerous  task,  the  man  in  charge  j 

is  in  firm  control  of  the  situation.  Otherwise,  short  cuts  will  be  taken,  vital  safety  factors  will  be  overlooked  and  j 

accidents  will  happen.  The  Ammunition  Technician  is  first  and  foremost  a  soldier,  so  during  the  first  2  years,  and  j 
indeed  later  years  he  will  undergo  regimental  training  to  develop  his  leadership  skills.  This,  combined  with  expertise  j 
of  progressively  higher  levels  of  responsibility,  ensures  that  he  is  capable  of  control  in  a  safety  aware  environment. 

14.  After  this  initial  2  year  period  he  will  attend  his  12-week  Technical  Upgrading  Course  which  will  build  on  this 
experience  and  expand  his  knowledge  of  all  aspects  of  his  trade.  The  instruction  is  geared  towards  the  management 
of  surveillance  and  repair  tasks,  and  supervision  of  demolition  and  burning  grounds,  and  will  prepare  him  well  for  the 
responsibilities  he  will  meet  as  a  Sergeant  Ammunition  Technician.  Before  qualifying  for  promotion  he  must  also 
qualify  as  an  intermediate  bomb  disposal  operator  and  gain  certificates  of  military  education  and  proficiency. 
Although  this  ends  his  formal  technical  training  he  will  return  for  updating,  briefing  or  special  training,  indue* mg 
advanced  bomb  disposal,  whenever  his  assignments  require  this.  He  is  also  likely  to  join  the  staff  of  the  School  as  an 
instructor  at  a  later  date. 

15.  From  this  brief  outline  of  Ammunition  Technician  training  it  should  be  clear  that  we  cannot  produce  instant 
ammunition  experts.  Over  the  years  our  technicians  have  acquired  an  excellent  reputation  for  expertise  and  safety. 

Our  training  system  is  geared  to  ensure  that  this  reputation  will  be  maintained  by  future  generations  of  technicians. 

The  system  is  founded  on  4  main  pillars;  personnel  selection,  comprehensive  instruction,  constant  monitoring  and 
progressive  training  and  I  shall  consider  each  briefly  in  turn.  i 
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16.  First,  persc.wel  selection.  It  is  essential  to  ensure  that  the  right  calibre  of  student  is  selected  to  undergo 
training.  Academic  prowess  should  be  tempered  with  sound  practical  ability  and  a  good  measure  of  commonsense 
and  level-headedness.  No  student  can  begin  Ammunition  Technical  training  at  the  School  unless  he  has  been 
recommended  as  suitable  after  a  searching  series  of  psychometric,  pratical  and  academic  tests. 

17.  Second*  comprehensive  instruction.  Students  must  be  given  a  detailed  theoretical  understanding  on  which  to 
base  their  knowledge  of  regulations  and  procedures.  Rigid  drills  must  be  taught  where  these  are  essentia]  for  safety  - 
on  the  demolition  ground  for  example  -  but  the  student  must  be  fully  aware  of  why  they  are  necessary. 

18.  Third,  constant  monitoring.  Instruction  should  be  progressive,  starting  with  the  theory,  progressing  to  practice 
and  inert  stores  where  possible,  and  finally  on  to  practice  with  live  ammunition.  Student  perfonnance  must  be 
closely  monitored  at  each  stage  to  identify  any  weaknesses  before  they  can  become  a  danger.  This  can  only  be 
achieved  by  regular  examination  and  practical  assessment,  often  with  a  one-to-one  ratio  of  instructors  to  students. 
This  process  is  time  consuming  and  manpower  intensive  but  the  consequences  of  inadequate  monitoring  are 
potentially  disastrous. 

19.  Finally,  the  training  given  should  be  progressive  thre  ughout  the  man’s  career,  with  ample  time  allowed  to  rein¬ 
force  the  instruction  with  practical  experience  on  the  ground.  , 

20.  This  progressive  pattern  of  career  and  training  development  ensures  many  advantages  including  the  technician 
building  and  developing  sound  technical  knowledge,  which  is  not  merely  theoretical  but  is  reinforced  at  every  stage 
by  practical  experience,  gained  both  during  and  after  training.  We  believe  our  system  succeeds  in  achieving  the  right 
balance  of  academic  and  practical  skills.  Also,  the  finished  product  is  not  just  a  technician,  but  also  a  leader.  His 
training  and  experience  in  organising  and  controlling  tasks  combine  to  ensure  that  the  non-commissioned  officer 
Ammunition  Technician  and,  indeed  the  Ammunition  Technical  Officer  have  the  ability  to  command  a  situation, 
execute  a  thoroughly  professional  job,  ensure  a  safety  conscious  environment,  reduce  the  chances  of  accidents  and 
produce  a  man  who  since  1969  has  received  230  awards  for  gallantry  and  distinguished  service. 

21.  Our  training  may  seem  to  be  manpower  intensive  and,  therefore,  costly.  It  would  be  possible  to  train  the  same 
number  of  men  with  less  resources  but  we  give  such  a  high  priority  to  the  maintenance  of  safety  standards  in  the 
military  environment  that  we  are  not  prepared  to  take  short  cuts  in  training.  Gentlemen,  I  am  sure  you  will  agree, 
there  can  be  no  compromise  on  safety,  and  we  certainly  approve  the  product  of  our  system  -  he’s  done  us  proud. 
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SUMMARY 


V 


the  paper  the  objectives  of  the  Klotz-Club  tests  performed  In  Sweden  are 
described.  The  main  purpose  of  the  tests  Is  to  give  data  on  debris  and  frag¬ 
ment  throw  from  detonations  In  ammunition  storages  In  rock.  The  Installation 
Is  described  and  results  from  four  of  the  tests  are  glven^ 


1.  INTRODUCTION 

The  Klotz-Club  has  Its  origin  In  1966  when  a  group  of  people  discussed  the 
possibilities  of  reducing  the  blast  effects  from  accidental  explosions  in 
underground  ammunition  magazines  with  a  large  closing  device,  a  block  (in 
German:  Klotz). 

Theoretical  and  experimental  studies  were  followed  by  a  successful  "full 
scale"  proof  test  in  1973.  The  -  by  that  time  four  -  participating  countries 
decided  to  continue  a  fruitful  cooperation  within  the  fields  of  explosives 
safety.  A  number  of  efforts  have  been  made  within  the  frame  of  the  Klotz-Club, 
cfr  /l/. 

In  October  1985  the  now  seven  participating  countries  -  the  Federal  Republic 
of  Germany,  France,  Norway,  Sweden,  Switzerland,  United  Kingdom  and  the  United 
States  -  decided  to  make  a  test  series  in  a  joint  installation  to  be  built  at 
ArtSS,  Alvaalen,  Sweden.  The  objectives  of  the  tests  were  to  give  data  on 

-  deer is  and  fragment  dispersion 

-  blast  propagation 

-  influence  of  geometry  on  debris  flow  and  blast  propagation 

-  groundshock  effects 

-  TNT-equi valence  for  artillery  rounds 

-  degrading  effects  of  detonations  on  e.g.  shotcrete. 

For  detai Is  see  /2/. 
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2.  BACKGROUND 

The  haaards  In  the  vicinity  of  an  ammunition  storage  in  rock  are  mainly  from 
blast,  fragment  and  debris  and  from  groundshock. 

The  alrblast  from  a  detonation  In  an  underground  installation  is  given  In 
design  manuals  e.g.  the  Swiss  TIM  75,  /3/. 


The  distance,  d,  with  the  overpressure,  p,  outside  a  tunnel  with  the  over¬ 
pressure  In  the  entrance,  pQ  -  presuming  that  the  rock  cover  does  not  break 
-  Is 


d  *  0.7(^)°*9-0 


where  D  Is  tunnel  diameter  in  the  entrance. 


The  results  from  this  formula  can  be  compared  with  test  results  e.g.  /4/  and 
/5/.  Especially  for  low  pressure  levels  the  Swiss  formula  gives  conservative 
values  as  can  be  seen  in  figure  1.  This  is  due  to  the  fact  that  the  exponent 
0.9  has  been  chosen  instead  of  the  theoretical  value  2/3,  cfr  /6/.  The  test 
results  in  /4/  are  condensed  into  the  formula 

d  -  1. 17(^1  -D. 


Figure  1.  Comparison  of  different  formulas  for  the  overpressure  outside  a 
tunnel  entrance  from  /3/,  /4/  and  /5/. 
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For  debris  and  fragment  throw  very  few  reliable  data  exist  that  can  be  used 
for  design  purpose  or  risk  analysis. 

Again,  the  TIM  75,  /3/,  has  stipulated  hazardous  rones  outside  the  tunnel 
entrance  basically  according  to  figure  2. 


Figure  2.  Lethality  zones  outside  an  ammunition  storage  due  to  debris  and 
fragments  according  to  /3/.  Principle. 

The  hazardous  area  due  to  blast  can  be  predicted  with  a  higher  degree  of 
certainty  than  that  dut  to  debris  and  fragments.  Also  model  tests  for  studies 
of  blast  propagation  can  often  be  made  at  low  costs  and  give  accurate  results. 
Model  tests  have  even  been  permitted  as  a  basis  of  design  for  some  magazines 
when  it  comes  to  blast,  cfr  /5/. 


For  debris  and  fragment  dispersion  models  can  not  be  used  easily  for  predict¬ 
ions  due  to  substantial  scaling  problems  e.g.  air  resistance  and  gravity. 

Especially*  when  a  mere  sophisticated  concept  for  desing  codes,  like  risk 
analysis.  Is  to  be  adopted  a  more  comprehensive  database  on  debris  and  frag¬ 
ment  throw  Is  mandatory. 

The  main  objective  of  the  Initial  tests  at  the  Installation  was  to  study 
debris. 

The  velocity  of  debris  can  be  calculated,  theoretically,  e.g.  according  to  the 
model  In  figure  3. 


Figure  3.  Simplified  model  for  calculation  of  debris  velocity. 

The  dynamic  pressure,  q^,  is  calculated  from 

1  2 
qt  =  2  pt*ut  “  vt5  where 

air  density 

u  air  particle  velocity 
v  debris  velocity 
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For  debris 


AOf  9 

m*$t  -  -  v^)  •  0  where 

CQ  drag  coefficient 
A  drag  area  and 
m  mass. 


A  solution  of  this  equation  has  been  used  In  a  computer  program  for  the  pre- 
calculations  of  debris  velocities*  /7/. 


3.  INSTALLATION 

As  the  main  objective  with  the  Installation  was  to  make  multiple  tests  with 
debris  a  site  had  to  be  selected  where  large  amounts  of  explosives  could  be 
detonated  without  impairing  the  community*  where  competent  rock  with  adequate 
rock  cover  could  be  found  and  at  the  outside  of  which  a  surface  suitable  for 
collecting  fragments  and  debris  could  be  arranged. 

ThU  led  to  the  shooting  range  at  ArtSS,  Alvdalen,  Sweden,  very  close  to  where 
the  original  large  Klotz-Club  test  was  made  in  1373. 

The  rock  at  the  selected  site  consists  of  porphyritic  granite,  poor  in  puartz, 

/8/. 

Outside  the  entrance  cutting  a  surface  from  which  debris  and  fragments  could 
be  collected  was  made.  The  area  in  the  form  of  a  sector  was  close  to  flat  up 
to  150  m  from  the  entrance  and  then  steeper  to  form  a  target  area  in  total 
more  than  300  m  from  the  tunnel. 

Figure  4  debicts  the  geometry  outside  the  installation. 
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Figure  4.  Geometry  at  the  test  site. 

2 

The  tunnel  In  the  rock  was  made  with  a  crossection  of  6.3  m  .  The  walls  were 

shotcreted.  In  the  end  of  the  tunnel  was  a  chamber  with  a  crossection  of  12 

?  3  • 

m  and  a  volume  of  300  m  e.g.  a  length  of  about  2M  r.  In  45  to  the  tunnel 

another  tunnel  with  the  same  crossection  was  built.  At  the  end  of  one  end  of 

that  tunnel  a  rhamber  17  m  long  with  a  volume  of  200  m^  was  made.  The  other 

end  of  that  tunnel  was  made  10  m  long  with  the  purpose  of  collecting  debris 

and  fragments  coming  out  of  the  200  m  chamber. 

The  tunnels  and  the  chambers  were  boltod.  Tne  encrance  part  was  made  of  rein¬ 
forced  concrete  to  ascertain  that  the  geometry  of  the  entrance  would  not 
change  during  the  test  series.  Also  to  facilitate  comparison  with  other  test 
data  a  well  defined  geometry  was  needed. 

The  Installation  was  made  during  the  winter  and  early  spring,  1986. 


i 
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4.  MEASUREMENTS 


Measurements  were  raade  of  blast,  debris  trajectories  and  groundshock.  The 
groundshock  measurements  will  not  be  given  In  this  paper,  however. 

The  blest  was  measured  In  the  chambers,  on  different  locations  along  the 
tunnel  and  outside  and  even  above  the  Installation.  As  the  dynamic  blast 
pressure  is  of  Interest  e.g.  for  the  studies  of  the  drag  forces  on  ejecta  not 
only  the  static  pressure  was  measured  but  -  in  front  of  the  tunnel  where  It 
was  significant  -  also  the  stagnation  pressure.  The  placing  of  pressure  gauges 
is  shown  In  figure  5. 


To  facilitate  the  measurements  of  the  trajectories  of  the  ejecta  the  area  out¬ 
side  the  tunnel  was  prepared  with  timber  logs  laid  down  perpendicular  to  the 
tunnel  axis  at  10  m  distances  across  the  sector  and  vertical  poles  for  refer¬ 
ence  placed  along  the  tunnel  axis. 

High-speed  cameras  and  videocameras  were  placed  perpendicular  to  and  along  The 
tunnel  axis  as  can  be  seen  in  figure  6. 
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Figure  6  Highspeed  cameras  and  TV  during  the  test*  The  cameras  along  the 
tunnel  axis  were  used  only  in  tests  1-3. 


5.  TEST  EXECUTION 

The  initial  H ?$t  program  comprises  six  tests: 

-  1.  10  kg  TNT  in  chamber  A 

-  2.  10  kg  TNT  in  chamter  B 

-  3.  1000  kg  TNT  in  chamber  A 

-  4.  1000  kg  TNT  in  chamber  B 

-  Artillery  rounds  with  net  explosive  weight  1000  tg  in  chamber  A 

-  Ditto  chamber  B 

* 

Of  these  the  first  four  will  be  commented  subsequently.  The  last  two  tests  in 
the  program  -  among  ether  things  to  give  data  on  fraqment  dispersion  and  on 
TNT-equivalence  -  will  be  described  in  another  paper. 
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The  tests  1  and  2  mainly  for  calibrating  purposes  were  made  with  the  charge 
placed  in  the  middle  of  each  chamber.  No  debris  was  included  in  these  tests 
and  only  blast  measurements  in  the  tunnel  system  and  just  outside  the  install¬ 
ation  were  made. 

During  the  tests  3  and  4  1000  kg  of  TNT  in  the  shape  of  a  cubicle  was  placed 
in  the  middle  of  the  chambers  respectively. 

Artificial  debris  in  the  shape  and  with  the  mass  approximately  like  the 
artillery  rounds  for  the  final  two  tests  were  used.  These  debris  were  680  mm 
long  160  mm  diameter  steel  pipes  filled  with  concrete.  The  mass  was  47  kg. 

These  tubes  were  placed  in  the  chamber  standing  on  the  floor  behind  the  charge 
(4  of  them)  and  lying  and  standing  in  front  of  the  charge  on  the  same  level 
(16  of  each).  In  the  tunnel  system  pairs  of  cylinders  were  placed  on  the  floor 
on  the  three  locations  were  pressure  gauges  were  installed.  At  test  number  3  a 
pair  of  cylinders  was  also  placed  in  the  short  access  tunnel  to  the  chamber. 

Spheres  of  reinforced  concrete  approximately  110  mm  in  diameter  (mass  appr.  2 

/ 

kg)  were  placed  on  top  of  the  cylinders  in  the  tunnels. 

Figure  7  shows  the  location  of  the  artifical  debris. 


LYING  STANDING  STANDING 
116)  116)  IW 


Figure  7.  Artificial  debris  in  test  3  and  4. 
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6.  RESULTS 

The  overpressure  at  the  entrance  of  the  tunnel,  which  Is  used  for  calculating 
the  blast  outside  the  tunnel  according  to  chapter  3  was  measured  to 

Test  Pressure  (kPa) 

1  23 

2  25 

3  850 

4  700. 

The  measured  pressure  outside  along  the  tunnel  axis  are  shown  in  figure  8 
together  with  the  calculated  values  according  to  /3/  and  /4/.  The  measured 
values  differ  slightly  from  the  calculated  values  according  to  /3/  and  /4/ 
which,  as  is  to  be  expected,  gives  conservative  estimates.  As  the  testing 
range  was  not  made  to  be  ideal  for  blast  propagation  studies  a  detailed 
comparison  of  precalculations  based  on  ideal  conditions  with  the  actual 
measurements  are  not  justified.  This  is  especially  true  for  measurements  in 
other  directions  than  the  tunnel  axis. 

As  the  length  of  the  crosstunnels  in  the  installation  is  small  their  influence 
on  the  blast  pressure  outside  the  tunnel  will  be  minor,  /9/. 
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At  the  tests  the  blast  was  followed  by  debris  at  high  velocity  and  then  large 
amounts  of  black  smoke  came  out  of  the  entrance  to  the  Installation. 


Figure  9.  Fragments  impacting  the  debris  trap  and  smoke  coming  out  of  the 
entrance. 

The  artificial  debris  were  found  in  the  tunnel  system  and  in  a  sector  less 
than  tlO°  from  the  tunnel  axis. 

The  debris  close  to  the  charge  in  the  inner  end  of  the  chamber  were  all  found 
remaining  in  the  chamber  after  the  test  -  though  deformed. 

In  shot  3  the  artificial  debris  were  impacting  on  the  chamber  and  tunnel  walls 
and  some  of  them  stopped.  Other  went  out  of  the  tunnel.  Most  of  the  artificial 
cylinder  shaped  debris  were  recovered  and  identified.  The  velocities  of  the 
debris  were  measured  from  high-speed  films.  The  maximum  velocity  measured  was 
120  m/s  appr.  100  m  outside  the  tunnel. 

Shot  4  showed  the  debris  trap  to  be  efficient.  Almost  all  debris  were  found  in 
the  tunnel  system  after  the  test  while  the  artificial  debris  placed  in  the 
tunnel  were  thrown  out.  All  debris  were  recovered  and  identified. 
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The  debris  trap  would  have  been  ever  more  effective  if  it  had  been  wider. 

The  maximum  debris  velocity  at  shot  4  was  measured  to  135  m/s. 

According  to  the  precalculated  values  debris  with  velocities  up  to  150  m/s  at 
the  tunnel  entrance  are  to  be  expected.  For  large  debris  like  the  artificial 
ones  used  in  the  test  the  air  resistance  does  not  lower  the  velocity  very 
quickly  in  this  range,  /10/. 

In  figure  10  the  location  of  debris  after  the  tests  3  and  4  are  shown. 


7.  CONCLUSIONS 

The  installation  at  ArtSS  has  shown  to  be  a  versatile  tool  for  the  measuring 
of  the  debris  throw  out  of  ammunition  storage  in  rock.  The  tests  performed  so 
far  have  shown  that  the  debris  will  fall  in  a  narrow  sector  from  the  tunnel 
axis.  The  velocity  of  the  debris  is  in  correlation  with  precalculations. 
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Figure  10.  Debris  postshot  test  3  (above)  and  4  (below). 
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List  of  Symbols 


A  ■■  Cross  soetion  area  (a2) 

Cp  -  constants 

D  -  Equivalent  tunnal  entrance  cross  section  diameter 

(4A/t)0-5  (a) 

Dc  -  Equivalent  storage  chamber  cross  section  diameter 

(4A/s)0*5  Cm) 

Dt  -  Equivalent  tunnel  cross  section  area  (4A/v)0*5  (m) 

dn  -  Inhabited  Building  Distance  based  on  test  results  (m) 

df|  -  Inhabited  Building  Distance,  Recommended  (m) 

Kg  -  Constant  for  angular  attenuation 

m,n,r  -  Exponents 

P  -  Pressure  at  some  distance  outside  an  underground  ammunition 

storage  (bar) 

Pfc  -  Ambient  pressure  at  sea  level  (bar) 

P0  -  Tunnel  entrance  pressure  (bar) 

Q  -  Explosive  quantity  (kg) 

Qf  -  Equivalent  TNT  explosive  quantity  (kg) 

t  -  Duration  o 4  pressure  wave  (s) 

Vc  -  Storage  chamber  volume  (m3) 

VT  -  Total  volume  of  magazine  (m3) 

W  -  Explosive  energy  (J) 

a0  -  Sound  velocity  in  ambient  air  (m/s) 

a  -  Angle  from  the  centerline  of  the  tunnel 

y  -  Ratio  of  specific  heats,  1.4  for  air 

p0  -  Ambient  air  density  (kg/m3) 
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l.  nrowumoif 


Ovar  the  pul  £5  pttrt,  several  experimental  programs  and  studies  have 
bean  undertaken  to  investigate  the  affects  of  accidental  explosions  in 


underground  amain  it  ion  storage  magazines. 

Since  1973,  a  substantial  part  of  this  work  has  been  coordinated 
througn,  and  also  performed  by,  the  Klotz-Club  (Ref*  1). 

""  '^ThU  work  has  covered  most  of  the  problems  related  to  the 
quantity-distance  determination  (also  denoted  as  Inhabited  Building 

Distance)  from  blast  waves  originating  from  the  tunnel  exit.  Also, 

* 

investigations  of  required  depth  of  rock- cover  above  an  underground 
ammunition  storage  magazine  have  been  performed  r~t' ) . 

Sven  so,  the  number  and  the  extent  that  the  various/ parameters  may  vary 
outside  the  limits  of  already  established- w^lr^aTequat  Ions  are  numerous. 

So  far,  th.  most  valuable  result  has  been  the  verification  of  scale 
modeling  techniques  as  a  means  of  establishing  Inhabited  Building  Distances^ 
a  fact  reflected  in  the  NATO  Safety  Principles  AC/258  -  D/258  Part  III, 
which  recommend  that  inhabited  Building  Distances  determined  by  means  of 
model  testing  for  each  specific  underground  storage  site. 

Also,  computer  codes  that  can  handle  these  problems  have  been 
developed,  some  based  on  empirical  equations  le.g.,  INBLAST)  and  some 
utilizing  theoretical  physical  equations  (e.g.,  HULL  and  TUTTI).  The 
IVBLAST  code  is  one  dimensional,  which  limits  its  ability  to  handle  problems 
that  cannot  easily  be  described  in  terms  of  volumes  and  vent  areas  (e.g., 
long  tunnels).  Nevertheless,  it  is  a  tool  that  can  be  used  as  a  means  of 
indicating  an  approximate  value  for  the  tunnel  exit  pressure.  The  INBLAST 


code  is  fast,  easy,  and  inexpensive  to  run. 

Computer  codes  like  HULL  and  TUTTI  can  be  very  accurate,  but  they 


require  highly  specialised  personnel  and  arc  relatively  time-consuming  end 
expensive.  However,  in  most  cases,  these  two  codes  are  probably  not  as 
expensive  as  the  extra  land  required,  which  becomes  necessary  if 
quantity-distance  tables  from  national  regulations  are  used. 

All  three  ermputer  codes  described  here  have  been  used  In  a  program  to 
determine  the  quantity  distances  for  a  magazine  concept  very  similar  to  the 
one  presented  in  Reference  1  (the  only  difference  being  that  the  "Klotr"  and 
the  constrictions  ware  deleted).  The  HULL  code  calculations  on  this  concept 
are  being  presented  in  another  paper  at  this  seminar. 

The  results  show  fairly  good  agreement  with  1/100-scale  model  tests  of 
exactly  the  same  geometry.  So,  for  the  future,  with  less  expensive  and 
faster  computers,  it  seems  likely  that  quantity  distances  will  be 
established  by  means  of  computer  modeling  of  each  specific  underground 
storage  site.  At  present,  however,  the  least  expensive  and  fastest  way  to 
establish  the  quantity  distances  is  by  means  of  model  tests. 

The  concept  presented  in  Reference  1  (with  its  large  single  chamber) 
requires  that  mixing  of  conqpatibility  groups  he  accepted  to  make  it 
cost-effective. 

In  1982,  when  a  need  arose  for  construction  of  new  storage  facilities 
in  Norway,  more  expansive  mixing  of  compatibility  groups  in  a  single  chamber 
was  accepted  by  the  user  nation  than  had  previously  been  the  case.  This 
resulted  in  further  development  of  the  concept  presented  In  Reference  1. 

The  only  difference  in  the  facilities  actually  constructed  Is  the 
exclusion  of  the  "Riots'*  and  the  inclusion  of  a  turnaround.  The  turnaround 
was  included  to  allow  trucks  to  unload  in  tne  expansion  chamber  without 
having  to  back  out  again.  1/100-scale  model  tests  of  this  concept  have  been 
performed.  Also,  1/100-scale  model  tests,  where  the  expansion  chamber  and 
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ito*  turnaround  verm  excluded,  have  bom  performed  to  verity  the  extra  cost 
of  the  expansion  chamber.  In  these  later  tevts,  the  cross- sectional  area  of 
the  exit  tunnel  was  varied  tc  investigate  the  possible  effect  of  reducing 
the  cross  section. 

The  rest  of  this  paper  presents  the  Kathode  by  which  these  sagas inea 
and  the  explosives  were  nodded,  an  analysis  of  the  results,  and,  finally, 
recommended  Inhabited  Building  Distances  for  the  various  configurations. 

2.  TSST  DESCRIPTION 
2 . 1  Model ins  Technique 

The  validity  of  scale  model  testing  of  underground  ammunition  storage 
magazines  has  been  proved  in  previous  test  programs  (Ref .  3  and  4). 

A  dimensional  analysis  of  important  parameters  leads  to  the 
nond linens ional  relationship  for  distance  versus  pressure  outside  the  tunnel 
entrance: 

d/D  »  f(P/P0,  W/e*  pQ  V,Dpo1/3/W1/3,  *ot/D,a)  (1) 

(See  list  of  symbols  for  parameter  definition.) 

This  relationship  is  used  as  a  basis  for  tha  construction  of  models  and 
in  the  analysis  of  results  (Section  3). 

Typical  magazine  layouts  to  be  investigated  at  this  time  are  shown  in 
Figures  1  and  2. 

The  terrain  in  front  of  the  tunnel  entrance  was  modeled  as  a  horizontal 
smooth  surface  so  as  not  to  introduce  attenuation  of  the  blast  wave,  which 
may  not  be  present  at  the  full-scale  sites — a  conservative,  or  safe, 
approach. 

The  magazines  were  modeled  in  steel  in  1:100  scale  (Figures  3  and  4.) 

The  storage  chamber  contested  of  a  detonation  chamber  with  inside 
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diameter  of  10*  mm  and  lengths  varying  fro**  (77  to  1180  tun  for  tho  various 
desired  volumes. 

Tha  tunnal  saetlona  were  rectangular  steel  tubas  with  diffarant 
cross-sectional  araas. 

For  tha  magazine  with  an  expansion  chamber  as  a  blast  trap,  a  separate 
•action  was  mad*  in  which  tha  expansion  chamber  was  a  420-mm-lonft  tuba  with 
an  inside  diameter  of  87.7  mm,  giving  an  equivalent  full-scale  volume  of 
2540  *3. 

tha  turnaround  was  mode lad  by  welding  two  50-  by  60-mm  tubas  to  tha 
expansion  chamber,  which  was  connected  to  the  storage  chamber  by  a 
409- mm- long  tunnal  having  an  inside  diameter  of  63  mm.  In  this  tunnel,  two 
50-mm-long  constrictions  with  45-mm  diameters  were  mode  ad.  Tha  detonation 
(storage)  chamber  was  vertically  connactad  to  tha  expansion  chamber  to 
simplify  the  loading  of  explosives.  The  justification  for  this  solution  Is 
tha  fact  that  tha  blast  wave  must  do  a  90-degree  turn  in  any  case. 

2 . 2  Instrumentation 

The  terrain  model  in  front  of  and  at  the  sides  of  the  tunnel  entrance 
was  Instrumented  with  six  Celesno  LC  3‘>  pressure  gages  at  distances  shown  in 
Figuro  5.  The  tunnel  sections  were  instrumented  with  Kistler  603  B  pressure 
gages  at  locations  shown  in  Figures  3  and  4. 

2.3  Explosives 

All  explosives  were  Coop.  A- 3  in  cylindrical  14.15-g  pellets.  Desired 
explosive  quantities  were  made  by  taping  the  pellets  to  a  rod.  On  seme 
charges,  e  few  grams  of  Comp.C-4  was  added  in  order  to  get  the  exact  desired 
quantity.  All  charges  were  Initiated  with  a  MONEL  Mo.  3  detonator,  which  in 
turn  was  initiated  by  a  Mo.  8  electrical  detonator.  The  NOMBL  detonator  had 
a  75-ms  delay  tr  separate  the  blast  wave  from  the  electrical  detonator  and 
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ttki  blut  wave  escaping  fro*  the  tunnel  entrance. 

In  the  ice ling  and  In  the  analysis  of  results,  e  TUT  equivalency  of 
ltM  was  uaed  for  the  Co*p,  A-3  explosive. 


All  reaulta  obtained  during  the  teat  series  end  reported  here  have  been 


sealed  to  aablant  pressure  at  sea  level  (Pa  (760  tmNg]). 


The  tunnel  entrance  pressures  found  in  this  way  show  much  better 
consistency. 

Compared  to  previous  tests  with  underground  ammunition  storage 
magazines,  this  configuration  is  very  complex  and  special.  It  was  therefore 
regarded  as  most  correct  to  treat  this  configuration  separately  in  the 
analysis  of  results  leading  to  empirical  equations  giving  tunnel  entrance 


838 


pressure  end  Inhabited  Building  Distance. 

The  following  empirical  relationship  was  found  for  the  tunnel  entrance 
pressure: 

PQ  -  5.6  •  <QT/V/-54  (3) 

Based  on  a  reduced  version  of  Eq.  1,  the  distance  3n  to  where  the 
pressure  is  P  was  found  to  be: 

d  /D  a  K  •  1.84  •  (P  /P)0,70  (4) 

n  n  o 

Here,  Kr  is  the  factor  for  angular  attenuation  and  is  1.0  for  the 
0°  to  30°  sector. 

At  60°,  was  found  to  be  approximately  0.67.  This  fits  well 

with  previous  results  for  the  angular  attenuation  factor.  Thus,  the 

previous  results  for  K  will  be  the  basis  for  Inhabited  Building  Distances 

n 

fox  '  different  sectors  (Section  4). 

The  reduction  of  Eq.  1,  leading  to  Eq.  4,  will  be  further  discussed  in 
Section  3.3, 

3 . 2  Magazine  with  Straight  Tunnel 

The  important  model  data  for  this  configuration  are  summarized  in  Table 
2  and  Figures  4  and  5.  Figures  10  through  15  are  diagrams  of  the  external 
pressure  versus  full-scale  distance  from  the  tunnel  entrance  for  six  of  the 
geometries  tested.  In  Figure  16,  these  results  are  scaled  with  tunnel 
entrance  pressure  and  diameter. 

As  for  the  magazine  with  expansion  chambers,  poor  consistency  in  tunnel 
entrance  pressures  was  observed  for  this  concept,  too.  The  same  procedure 

for  the  definition  of  P  ,  as  described  in  Section  3.1,  was  then  used  for 

o 

this  concept  as  well,  resulting  in  the  following  relationship  for  the  tunnel 
entrance  pressure: 
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PQ  -  16.4  •  (Qt/Vt)0'54  •  (Dt/Dc)0*24  (5) 

The  relationship  for  the  distance  dn  to  where  the  pressure  is  P, 

using  the  reduced  version  of  Eo .  .1 ,  was  found  to  be: 

d  /D  »  r  •  0.77  •  (P  /P)  (6) 

n  r.  o 

As  for  Eq.  4,  K  is  equal  to  1.0  for  the  0°  to  30°  sector, 
n 

At  60° ,  K  is  0,74  (see  Figure  16).  This  is  higher  than  2/3  but  close 
n 

enough  to  indicate  that  the  angular  attenuation  previously  found  is  valid. 

Recommended  Inhabited  Building  Distances  for  different  sectors  for  this 
configuatlon  are  presented  in  Section  4.  Section  3.3  contains  a  more 
detailed  discussion  of  the  results. 

3.3  Discussion  of  Results 

As  mentioned  in  Section  2,  the  relationship  of  pressure  attenuation  to  . 
distance  outside  an  underground  ammunition  storage  magazine  generally  is 
described  by  Eq.  1: 

2  1/3  1/3 

d/D  »  f(F/P  ,  W/a  p  V,Dp  /W  ,  a  t/D,  o) 

O  O  Q  q  O 

For  practical  purposes,  this  equation  is  too  complex,  and  many 
underground  ammunition  magazines  often  have  geometrical  variations  that 
cannot  be  covered  in  a  single  equation. 

This  leads  to  the  conclusion  that  for  each  concept  cf  magazine  layout, 
a  separate  set  of  equations  should  be  determined.  As  a  result,  some  of  the 
dimensionless  terns  in  Eq.  1  can  be  singled  out: 

•  All  the  different  tests  with  underground  ammunition  storage 

magazines  snow  that  the  distance  to  where  the  pressure  is  P  strongly 
depends  on  the  tunnel  entrance  diameter  and  on  the  tunnel  entrance 
pressure.  The  tunnel  diameter  and  the  terra  P/PQ  are  therefore 
essential  for  the  definition  of  safe  ranges  outside  a  specific 
magazine. 
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•  The  term  a  t/D  describes  the  duration  of  the  blast  wave  escaping 

o 

from  the  tunnel  entrance.  Unpublished  analyses  of  the  influence  of 
the  duration  (or  impulse)  of  the  escaping  blast  wave  on  the  safe 
range  indicate  an  exponent  on  the  duration  equal  to  0.15  +  0.02. 

This  means  that  for  a  specific  magazine  concept,  where  the  stored 
explosives  quantity  varies  within  a  factor  of  perhaps  2  to  3,  the 
impact  on  the  safe  range  will  be  the  explosive  quantity  to  a  power 
of  approximately  one- third  times  0.15.  Within  a  factor  of  3  on  the 
explosives  quantity,  this  means  that  the  error  on  the  calculated 
safe  range  will  be  not  more  than  6%  (^0. 33*0.15)  and  for 
practical  purposes  can  be  ignored. 

2 

•  The  nondimensional  loading  density,  W/a qpo  V,  in  Eq.  1  is  a 

function  necessary  to  describe  the  tunnel  entrance  pressure  Pq . 

Since  P  will  be  used  in  the  reduced  version  of  Eq.  1,  this  term 
o 

will  be  used  insteud  to  define  P  in  a  separate  equation. 

o 

1/3  1/3 

•  The  term  DpQ  /W  is  the  scaled  dicmeter  of  the  tunnel 

entrance  relative  to  the  amount  of  energy  passing  through.  This  is 

a  term  that,  for  each  specific  magazine  concept,  is  taken  care  of  by 

some  constant  or  related  to  the  size  of  the  storage  chamber  in  the 

definition  of  P  . 

o 

•  To  describe  the  angular  attenuation  of  the  escaping  pressure  wave, 
the  angle  o  was  chosen  to  represent  different  sectors,  where  each 
sector  is  given  an  empirically  determined  attenuation  factor  in  the 
final  equation. 

Eq.  1  thus  reduces  to: 

2  1/3  1/3 

d/D  =  f.(P/P  )  f,(W/a*  p  V.Dfl  1  /H  ,  a  t/D)  f.  (a)  (7) 

101300  O  3 
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where  f2  ( . . )  reduces  to  a  constant  for  each  specific  magazine 

and  f»  (a)  reduces  to  the  constant  K  .  Empirically,  it  has  been  found 
3  n 

that  f^  (P/Pq)  is  best  represented  as  a  power  curve  within  the  limits  of 
d/D  of  practical  interest;  thus: 

d/D  *  C. (P  /P)n  (8) 

l  o 

The  exponent  n  has  been  defined  for  a  large  number  of  different  tests, 

ranging  from  shock  tubes  to  underground  ammunition  magazines  and  blast 

leakage  into  rooms.  Preliminary  analysis  of  such  data  indicates  that  n 

typically  varies  between  0.67  and  0.9,  with  most  of  the  results  between  0.7 

and  0.8.  Another  observation  is  that  n  tends  to  increase  for  decreasing 

pressure  P,  which  also  can  be  observed  in  the  lower  region  of  pressures  for 

an  unconfined  charge.  Indications  were  also  found  that  n  increases  with 

decreasing  duration  on  the  escaping  blast  wave  P  . 

o 

Since  these  factors  for  different  magazine  concepts  are  mixed,  it  is 

natural  that  n  will  change  from  concept  to  concept. 

The  constant,  C^,  will  naturally  vary  considerably,  but  mostly  as  a 

result  of  varying  exponent  n,  since  the  range  of  P  /P  of  interest  usually 

o 

is  on  the  order  of  500  to  5000. 

In  Sections  3.1  and  3.2,  Eq.  8  is  given  for  the  two  magazine  concepts 
described  in  this  report  (Eq.  4  and  6). 

The  tunnel  entrance  pressure  Pq  is,  as  described,  a  function  of  the 
scaled  loading  density  and  the  tunnel  diameter  and  can  be  written  in  the  form: 

po  ■  C1  ‘VV*  <wr  <9) 

For  simplicity,  the  explosive  energy  W  is  replaced  by  the  equivalent 
TUT  charge  weight  Q^,  the  storage  chamber  volume  by  the  total  volume,  and 
the  scaled  tunnel  diameter  by  the  ratio  between  tunnel  diameter  and  storage 
chamber  diameter. 
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In  Section  3.2,  Eq.  9  is  given  for  the  magazine  concept  without 
expansion  chamber  (Eq.  5). 

In  Section  3.1,  Eq.  9  is  given  for  the  magazine  concept  with  expansion 

chamber  (Eq.  3).  As  can  be  seen,  Eq.  3  is  in  an  even  more  reduced  form  then 

Eq.  5.  this  is  a  result  of  the  complexity  of  this  magazine  concept,  which 

means  that  the  geometrical  ratio  D^/Dc  is  not  sufficient  to  represent 

the  variations  in  layout  possible  in  this  configuation.  Instead  of  just 

0. /D  ,  one  would  need  factors  describing  size  of  expansion  chamber, 
t  c 

length  of  tunnel  between  storage  chamber  and  expansion  chamber,  number  and 
sizes  of  constrictions,  and  length  and  angle  of  turnaround  tunnel.  It  was 
not  within  the  scope  of  this  test  series  to  investigate  the  Influence  of 
variation  of  these  parameters;  thus,  all  geometrical  parameters  were  put 
into  a  single  constant  except  for  the  total  volume- -meaning  variation  in 
storage  chamber  volume  and  to  a  certain  extent  in  tunnel  length.  Eq.  3  is 
therefore  valid  for  a  magazine  with  layout  as  shown  in  Figures  1  and  3,  with 
possible  variations  in  storage  chamber  volume,  explosive  quantity,  and 
tunnel  length. 

The  results  for  the  tunnel  entrance  pressure  Pq  are,  as  described  in 
Sections  3.1  and  3.2,  obtained  from  the  blast  wave  velocity  close  to  the 
entrance.  This  was  done  to  obtain  pressures  that  were  consistent  from  test 
to  test  and  not  influenced  by  reflections  inside  the  magazine. 

Typical  recordings  from  the  pressure  transducers  in  the  tunnel  showed  a 
large  number  of  reflections  with  increasing  magnitude  over  time  and  often 
with  a  "plateau"  between  them.  Thus,  Pq  represents  the  first  peak 
pressure  arriving  at  the  tunnel  entrance  and  was  judged  to  be  the  "driving" 
force  for  the  peak  of  the  blast  wave  at  distance  d  outside  the  magazine. 

This  finding  is  based  on  a  close  examination  of  the  pressure-time  histories 
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recorded  outside*  the  magazine  compared  to  those  recorded  at  the  tunnel 
entrance. 

Reflections  of  pressure  higher  than  P  ,  recorded  at  the  tunnel 

o 

entrance,  could  easily  be  retrieved  from  the  pressure- time  history 
recordings  taken  from  measuring  points  outside.  This  means  that  the 
reflections  did  not  coalesce  with  the  first  peak,  which  would  have  resulted 
in  enhancement  of  the  peak  pressure  outside.  These  observations  are  valid 
at  least  out  to  ranges  where  the  pressure  is  decreased  to  less  than  50  mbar. 


4.  RECOMMENDED  INHABITED  BUILDING  DISTANCES 

The  Inhabited  Building  Distance  outside  an  underground  ammunition 
storage  magazine  is  defined  as  the  distance  from  the  tunnel  entrance  to 
where  the  pressure  is  50  mbar.  (AC/258-D/2S8  and  TFF  738,  Norwegian 
national  regulations). 

The  equations  presented  for  dn  represent  curve  fits  for  data 
obtained  from  tests  (50%  confidence  level)  and  should  not  be  used  directly 
for  the  determinaton  of  Inhabited  Building  Distances,  since  they  do  not 
include  any  safety  factors  (except  for  a  safety  factor  resulting  from  the 
fact  that  the  models  have  smooth  tunnel  walls,  while  most  real  magazines 
have  more  or  less  rough  tunnel  walls).  AC/258-D/258,  Part  III,  Section  IV, 
para  235,  does  not  give  any  recommendations  for  the  data  reduction  process 
or  evaluation  of  results  obtained  from  model  tests,  but  D/258  Part  I 
requires  a  90%  confidence  level. 

Reference  5  recommends  using  test  results  (90%  confidence  level)  with  a 
20%  Increase  to  account  for  the  small  scale  used.  TFF  738  also  requires 
adding  20%  to  the  50-mbar  distance  as  a  safety  factor.  Since  the  number  of 
test  results  Is  too  limited  to  establish  a  90%  confidence  level,  it  was 
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instead  recommended  to  assume  that  a  10%  increase  to  the  curve  fits  (50% 

confidence  level)  is  equivalent  to  a  90%  confidence  level. 

Thus,  recommended  Inhabited  Building  Inhabited  Distances  d  are  the 

n 

distances  found  with  the  equations  for  dn  times  1.1  times  1.2  a  1.32. 

Equations  3  through  6  define  the  pressure  attenuation  outside  two 
different  underground  magazine  concepts.  Inhabited  Building  Distance 
equations  for  these  concepts  are  thus  defined,  using  P  *  50  mbar  and  the 
following  factors  for  angular  attenuation  K^: 

Angle  Equation 


0°  to  30° 

30°  to  60° 
60<>  to  90° 
90°  to  120° 
120°  to  180° 


*n  *  1.0 
Kjj  >  0.89 
Kji  a  0.67 
Kn  *  0.5 
a  0.25 


The  chart  below  summarizes  the  necessary  equations  to  define  inhabited 


Building  Distances: 


Magazine 
tjge_ _ 


Test  result 
50  mbar 


Distance,  dn 
<m) 


Tunnel 
entrance 
pressure,  P0 
(bar) 

Recommended 

Inhibited 

Building 

Distance, 

(a) 


Magazine  without 
expansion  chamber 


dr  =  7.7  •  D  *  P 


d.  =  6.9  •  D  •  P 


d,  =  5.2  •  D  •  P 


3.9  .  D  •  P 


d.  a  1.9  •  D  •  P 


0.77 


0.77 


0./7 


0.77 


0.77 


PQ  a  16.4  •  (QT/VT)0-54 
•  Dt/Dc)0’24 


Magazine  with 
expansion  chamber 


15.0  •  D  •  P 

o 

13.3  *  D  •  P 

o 

10.0  *  D  •  P 

o 

7.5  •  3  •  Po 
o 

3.8  •  D  •  P 


0.70 

0.70 

0.70 

0.70 

0.70 


o 


PQ  a  5.6  •  (QT/VT)0-54 


^  *  1.32  •  dn 
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The*#  equation*  are  valid  for  the  following: 

Explosive*  quantity:  150.000  kg  <  <  450.000  kg 

Loading  density:  15  <  Qr  ✓  VT  <  50 

In  Figure  17,  a  comparison  of  the  50-mbar  distances,  df,  for  the 
0°  to  30°  sector  for  the  two  magazine  concepts,  is  presented. 


5.  CONCLUSIONS 

Model  tests  for  the  two  different  concepts  were  successfully  performed, 
resulting  in  determination  of  relationships  for  the  definition  of  Inhabited 
Building  Distances  for  the  two  magazine  concepts  nested. 

^The  test  series  clearly  demonstrated n the  need  to  perform  model  tests  when 
magazine  concepts  differ  from  previously  tested  magazine  concepts. 

The  tests  also  demonstrated  the  advantage  of  the  expension  chamber  as  a 
means  of  reducing  the  Inhabited  Building  Distance.  For  a  typical  situation  with 
an  explosive  quantity  of  300,000  kg,  the  area  within  the  Inhabited  Building 
Distance  increases  by  almost  130%  when  the  expansion  chamber  is  deleted. 
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Table  1.  Data  for  tha  1:100  ataal  modal  of  magaainm 
with  expansion  chamber.  (Saa  Figure  3  for 
further  detail*  of  Measurements . ) 


no 

Sizes 

27  -  29 

30  ! 

31 

Storage  chaaber 
volume, V  (dm3) 

8.85 

5.97 

5.97 

Expansion  chamber 
volume  (dm3) 

2.54 

2.54 

2.54 

Total  volume 
of  magazine, 

VT  (dm3) 

17.10 

14.42 

14.43 

Tunnel  entrance 
cross  section, 
h  x  b  (mmxmm) 

40x40 

40x40 

50x60 

Equivalent 
tunnel  entrance 
diameter,  D  (mm) 

45.1 

45.1 

61.8 

Charge  weight, 

Q  (g  comp.  A-3) 

285 

228 

228 

Equivalent  TNT- 
charge  weight, 

qt  (9> 

311 

249 

249 

Qt/V  <kg/m3> 

35.91 

41  .63 

41.63 

Qt/Vt  (kg/*3) 


18.17 


17.23 


17.22 


Tab!*  2.  Data  for  tho  1:100  ataal  modal  of  aagacina 
without  expansion  ehaabar.  (Saa  Figure  4 
for  furthar  data! la  of  maaauramanta) . 


T«at  no 


Six** 


Storaga  ehaabar 
volume,  V  (dm3) 


Tunnel  voluae,  V. 
(dm3:  1 


Total  voluaa 
of  magazine 
VT  (dm3) 


Tunnel  cross 
section 

h  x  b  (am  x  aa) 


Equivalent 
tunnel 
diameter,  o 
(aa) 


Storage  chamber 
diameter  Oc 
(aa) 


Charge  weight, 

Q  (g  Coap.  A-3) 


Equivalent  TNT- 
charge  wieght, 
«T  CgJ 


Qt/V  (kg/»3) 


Qt/Vt  (kg/a3) 


4.15  2.21 


61.8  45.1 


1.08 


50x60  40x40  28*2 


9 


31.6 


37 

38 

10.41 

10.41 

•0 

o 

e 

m 

11.49 

10.96 

28  xieS 

20x20 

31.6 

22.6 

106 

106 

0.298 

0.213 

389 

193 

424 

210 

40.73 

20.17 

36.37 

19.14 

50x60 


61.8 


106 


0.583 


424 


40.73 


29.12 


Figure  l.  Typical  magazine  with  2500-m3 

expansion  chamber  as  blast  trap 
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Blael  doer 


Cross  section  Cross  section 


Figure  3.  1:100  steel  Model  of  asnunition  storage 

aagezlne  with  expansion  chaabor. 


b*1000 


Figure  4.  1:100  ateel  Model  of  anaunition  storage 

■agazine  with  straight  tunnel. 
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Figure  5.  Plan  view  of  measuring  points 
outside  tunnel  entrance. 


Figure  i.  ItogttiM  with  8650-*3  stetitd  chamber 
and  2540-hb3  mptniiM  chamber,  H-m* 
constriction  at  entrance,  q  »  311,000  kg. 


Figure  7.  Magazine  with  5970-m3  storage  chamber 
and  2540-m3  expansion  chamber,  16-m2 
constriction  at  entrance,  Q  *  249,000  kg. 


Figure  8. 


Magazine  with  5970-m3  storage  chamber  and 
2540-m3  expansion  chamber,  30-m2  entrance 


cross  section  area,  no  constriction,  Q  -  249,000  kg. 
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Figure  9.  Magazine  with  expansion  chaaber,  scaled 
distance  versus  scaled  pressure. 
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Figure  10.  Nagasine  with  10,410h*3  storage  ohsaber 
and  no  expansion  ehoabor.  Tunnel  cross 
section  ores  »  30  a2.  Q  ■  210,000  kt. 
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Figure  11.  Magas ine  with  10,410-a3  storage  chaaber 
and  no  expansion  chanter.  Tunnel  cross 
section  area  »  Id  a2.  Q  ■  210,000  kg. 
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Figure  12.  Magazine  with  10,U0-a3  storage  chaaber 
and  no  expansion  chaaber.  Tunnel  cross 
section  area  ■  8  a2.  Q  -  210,000  kg. 
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Figure  13. 


Nagasina  with  10  v  410-s5  storage  chanter 
and  no  expansion  chanter.  Tunnal  croaa 
section  area  «  8  »*.  Q  «  424,009  k|. 
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Figure  14.  Msgasine  with  lO.AiO-a3  storage  chanter 
and  no  oxpan*icn  chanter.  Tunnal  cross 
section  area  -  4  a2 .  Q  «  210,000  kg. 
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Mag as in a  with  10,410-ar  storage  chaster 
and  no  expansion  chanter.  Tunnal  cross 
section  area  -  30  s2.  Q  •  424,000  kg. 
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Figure  16.  Magazine  without  expansion  chamber,  scaled 
distance  versus  scaled  pressure. 
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I.  UrrROOOCTIQH 


ihe  storage  of  monitions  la  underground  facilities  provides  a  potential 
hazard  to  surro jading  buildings  or  populations .  Current  placement  of  such 
facilities  relative  to  above-ground  structures  is  based  oa  long  standing 
curves  and  scaling  relations  for  the  peak  airblast  overpressure  as  a  function 
of  weight  of  explosives  and  distance  and  angle  relative  to  the  tunnel  open- 
ing.  The  suggested  scaling  relation  for  a  80  nbar  safety  criterion  is 

d  *  D«W}*67 
^  o 

There  d  is  the  distance  to  50  nbar  (a) 

D  is  the  nnin  tunnel  diameter  (a) 

P0  in  the  gas  pressure  in  the  acin  passageway  (bars) 
and  F  is  a  tabulated  directional  factor. 

y 

-^This  relationship  is  based  on  a  variety  of  explosive  veight-to-volune 
ratios,  however,  recent  storage  designs  call  for  larger  anounts  of  explo¬ 
sives  and  lover  explosive  storage  densities  than  were  considered  in  develop¬ 
ing  the  relationship.  It  has  not  boon  demonstrated  that  the  sane  relation 
holds  for  theso  new  conditions  ^  In  addition,  the  high  cost  of  real  estate 


♦This  work  was  sponsored  by  the  Eorwegian  Defence  Construction  Service  ^ 

(KDCS),  Oslo,  Bonray,  and  the  Department  of  Defense  Explosives  Safety  Board, 
Alexandria,  Virginia. 
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The  calculation  m  dona  in  four  consecutive  phases,  which  art  doacribod 
in  tho  next  four  aoctioaa.  Codoa  uaod  wort  HULL,  a  two  or  three-dimensional , 
lUU-of - thwart,  finite  differ  toco  Euler ian  hydrodynamic  flow  program;  SAP 
(Spherical  Air  PUFF),  a  ono-dimensional,  spherically-symmetric  version  of 
BULL;  and  MLAVS,  an  acoustic  ware  propagation  code.  Using  multiple  phases  in 
this  way,  efficiency  of  conputer  tine  is  maximized  while  essential  features 
of  tho  result  are  retained .  This  ausmary  report  prowides  a  description  of 
the  calculation  and  presents  the  results  that  were  obtained. 


II.  PHASE  1:  DETQNATIOM  AMD  IVTEUQ1  PRQPAGATIQH 

The  first  phase  of  the  calculation  included  detonation  of  an  explosive  in 
an  enclosed  region  which  was  designed  to  simulate  the  interior  tunnel  coaplex 
of  the  HDCS  test  model.  Propagation  of  blast  waves  in  the  enclosed  chambers 
and  exit  of  blast  pressure  at  the  tunnel  mouth  were  monitored  from  time  aero 
(initiation  of  the  detonation)  to  4.24  msec  after  detonation . 

The  calculational  configuration  used  for  this  phase  is  illustrated  in 
Figure  2.  The  calculational  mean  ia  a  rectangular  grid  in  two-dimensions . 

The  HULL  code  was  used  for  this  phase,  as  evil  as  for  Phase  2.  In  order  to 
simulate  the  three-dimensional  test  chamber  in  two  dimensions,  it  was  neces¬ 
sary  to  change  the  orientations  of  the  detonation  and  expansion  chambers.  In 
the  test  configuration,  tho  entrancewap  and  expansion  chamber  are  oriented  so 
that  their  long  axes  are  horizontal  and  perpendicular  to  each  other.  The 
explosive  chamber  axis  is  vertical.  In  the  calculational  configuration,  the 
right  angle  orientations  are  retained,  hut  kll  chambers  lie  in  the  same 
plane. 

Also  because  the  coordinate  system  is  rectangular  while  some  of  the  test 
chambers  have  circular  cross  sections,  it  was  necessary  to  adjust  the  dimen¬ 
sions  slightly  in  order  to  maintain  the  appropriate  cross-sectional  areas  and 
chamber  volumes.  If  the  unit  depth  (into  the  paper  in  Figure  2)  is  assumed 
to  be  5  cm,  then  all  of  the  chamber  cross  sections  and  volumes  are  the  same 
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as  for  the  test  configuration.  The  total  internal  volume  of  the  complex  is 
17,212  cm^.  Dimensions  of  the  undetonated  explosive  were  also  adjusted  so 
that,  using  the  same  5-cx  depth  and  a  density  of  1.66  gas/cm®,  the  mass  of 
the  charge  was  200  gms,  corresponding  to  that  used  in  the  test.  The  explo¬ 
sive  equation  of  state  used  was  that  for  pentolite. 

Grid  size  for  this  calculation  ap  approximately  0.5  cm  vertically  by 
0.6  cm  horizontally,  although  adjustments  were  made  so  that  cell  boundaries 
would  coincide  with  the  previously  determined  material  boundaries.  There  are 
70  x  376,  or  approximately  26,000,  calculational  cells  in  the  grid. 

The  calculation  was  begun  time  set  arbitrarily  to  10  /tsec.  At  this 
time,  the  calculational  zone  at  the  right-hand  edge  of  the  explosive  was 
considered  to  be  detonated.  The  detonation  wave  progressed  through  the 
explosive  from  right  to  left  as  the  calculation  proceeded. 

Two  types  of  graphical  output  are  routinely  provided  by  HULL,  and 
selected  examples  are  included  in  this  report.  The  first  is  "contour"  plots, 
in  which  isograms  of  any  of  the  hydrodynamic  variables  are  shown  throughout 
the  region  of  interest.  Figures  3  through  10  are  contour  plots  of  pressure 
and  energy  at  four  different  times  during  the  interior  calculation.  In  Fig¬ 
ures  3  and  4,  at  100  /ieec,  it  can  be  seen  that  the  explosive  is  detonating 
but  the  energy  has  not  yet  started  to  escape  from  the  explosive  chamoer. 
Pressure  and  energy  values  in  the  chamber  are  very  high. 

In  Figures  5  and  6,  at  300  /isec,  a  shock  wave  has  traveled  through  the 
narrow  passageway,  reflected  from  the  left-hand  side  of  the  vertical  chamber, 
and  is  moving  downward.  Pressures  are  high  at  \Ae  top  and  left-hand  sides  of 
the  vertical  chamber  where  the  flow  has  stagnated,  and  reflected  shocks  from 
the  corners  are  visible  in  the  explosive  chamber. 

The  next  two  figures,  7  and  8,  illustrate  tfce  situation  at  50C  /isec.  At 
this  tine,  energy  is  moving  down  the  long  entrance  tunnel.  The  interesting 
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Figure  7.  Pressure  Contours  in  Vertical  Figure  8.  Energy  Contours  in  Vertical 

Chanter  and  Entrance  Tunnel  at  Chanber  and  Entrance  Tunnel  at 

500  p sec  after  Detonation.  500  psec  after  Detonation. 


point  about  the  flow  in  this  region  is  that  the  energy  contours  are  not  per¬ 
pendicular  to  the  tunnel  walls.  Because  of  the  right-angle  bend,  energies 
are  higher  near  the  bottom  of  the  tunnel. 

The  last  set  of  contour  plots  was  made  at  950  /isec,  and  is  shown  in  Fig¬ 
ures  9  and  10.  In  this  set,  the  shock  has  reached  the  tunnel  entrance  and  js 
expanding  as  it  moves  into  the  exterior  space.  Density  contours  and  velocity 
vectors  are  given  instead  of  pressure  and  energy  contours  in  this  case.  The 
interesting  thing  about  Figure  10  is  that  notion  is  shown  curling  back  toward 
the  wall  near  the  top  of  the  plot. 

The  second  type  of  output  is  probably  of  more  immediate  interest  in  this 
application  because  it  is  directly  comparable  to  experimental  results. 
"Stations”  are  predetermined  locations  in  the  calculational  grid  at  which 
hydrodynamic  data  are  monitored  as  functions  of  time.  For  the  interior  phase 
calculation,  rtaiiom*  were  placed  at  measuring  points  corresponding  to  those 
in  the  NDCS  test.  These  are  the  points  labeled  1  through  5  in  Figure  2. 
Additional  stations  were  positioned  at  the  tunnel  entrance  and  at  other 
points  throughout  the  calculational  grid.  Stations  28,  29  and  30  are  of 
particular  interest  because  they  are  the  ones  used  to  drive  the  second  phase 
of  the  calculation.  Their  locations  are  also  shown  in  Figure  2. 

Figures  11  through  15  are  overpressure  versus  time  records  at  Stations  1 
through  5.  The  first  three,  which  are  in  the  explosive  and  vertical  chambers 
and  the  connecting  tunnel  between  them,  show  a  large  initial  spike  followed 
by  many  smaller  peaks.  The  latter  are  due  to  reflections  from  the  chamber 
walls.  Stations  4  and  5,  for  which  the  overpressure  records  are  shown  in 
Figures  14  and  15,  are  located  in  the  entrance  tunnel.  The  records  show  many 
sharp  spikes,  which  are  a  result  of  the  mixture  of  air  and  detonation  prod¬ 
ucts  flowing  in  this  region.  The  maximum  overpressure  in  the  entrance  tunnel 
is  about  80  bars.  In  Figure  15,  an  experimental  record  from  Measuring 
Point  5  is  also  shown  (the  dashed  line) ,  but  the  maximum  measured  overpres¬ 
sure  value  is  only  about  58  bars. 
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Figure  11.  Overpressure  versus  Tine  Record  Figure  12.  Overpressure  versus  Tine  Record 
at  Measuring  Point  1.  at  Measuring  Point  2. 
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NORWEGIAN  UG  AMMO  STORAGE 
CALCULATION,  EXPERIMENTAL  COMPARISON 
OVERPRESSURE  VS  TIME 


440.0110  5;  COORD;  2  330E+01  4.000E-01  FT;  TOA:  6.600E-01  MS 
NOCS  MP5,  TOA:  .35  MS 


4.5  5. 


Figure  15.  Overpressure  versus  Time  Record  at  Measuring  Point  5 
with  Experimental  Data  (Dashed  Line) . 


Parameters  at  tho  tunnel  entrance  (Station*  28,  29  and  90)  are  about  in 
Pinnae  16  threap  21.  For  tbeue  stations,  the  horizontal  floe  velocities 
versus  tine  axe  siren  as  sell  as  the  overpressures.  Bote  that  these  reloci* 
ties  are  negative  because  floe  through  the  portal  is  in  the  "*x"  direction. 


III.  PHASE  2:  EXPANSION  IVTO  EXTERIOR  BSGIQI 

la  order  to  nodal  the  exterior  region,  a  computational  neab  eas  set  up 
using  cylindrical  coordinates.  The  nesh  consists  of  182  x  176  zones,  for  a 
total  of  31,904.  The  orerall  grid  dimension*  axe  5.96  a  by  5.99  n.  A 
100  x  100  cell  subgrid,  in  vhich  the  size  of  each  cell  is  approximately 
0.49  x  0.8  ca,  was  defined  on  the  cylindrical  axis  at  tha  tunnel  opening. 
Beyond  the  subgrid,  coll  size  is  expanded  by  about  5  percent  per  cell  in  each 
direction.  Stations  were  located  at  intervale  along  radial  lines  Iron  the 
tunnel  exit. 

The  configuration  is  illustrated  in  Figure  22.  For  this  phase,  a  plane 
through  the  axis  of  symmetry,  which  can  be  thought  of  as  a  flat,  perfectly 
reflecting  surface,  becomes  the  ground  plane.  The  tunnel  opening  and  cliff 
face  becoac  cylindrical  sections  vhe»\  converted  .tram  Cartesian  to  cylindrical 
coordinates.  The  radius  of  the  opening  was  adjusted  so  that  the  cross-sec- 
tior.il  «xea  of  the  half-disk  opening  in  cylindrical  coordinates  is  equal  to 
the  rectangular  5  x  6  c»  tonne?  opening  of  Phase  1. 

The  cliff  face  was  modeled  by  placing  a  row  of  "island"  cells  along  the 
bottom  of  the  mesh.  An  island  is  a  non- compressible,  reflective  cell  of  the 
same  type  as  was  used  in  Phase  «  for  the  tunnel  walls.  The  configuration,  it 
should  be  noted,  is  rotated  by  CO  degree*  from  'hat  of  Phase  t,  so  that 
direction  of  flow  is  upward  in  Figure  22. 
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Figor*  18.  Orerpreaaure  r«r«i  Tioe  Ucord  Figure  19.  lorixoetel  Telocity  v 

it  Tunnel  Entrance,  lear  the  Becord  at  Tassel  Eatr 

C«*W.  the  Caster. 
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Figuxo  22.  Calculatioaal  Configuration  lor  Phase  2. 

The  calculation  m  initiatod  at  0.7  msec  by  tatting  the  hydrodynamic 
parameters  in  tha  calls  at  tha  tunnel  opening  to  those  road  Iron  the  station 
records  of  Phase  1.  To  perform  tha  transformation,  tha  *-x*  velocities  of 
the  Phat*  1  station  records  become  the  ■♦y*  velocities  of  the  Phase  2  driver 
cells,  and  ♦y'a  became  +x*s.  Interpolation  was  performed  to  drive  the  cells 
at  locations  between  stations  at  appropriate  values. 

The  second  phase  calculation  vas  run  to  8.1  nsec  after  detonation  of  the 
explosive.  By  this  time,  the  shock  save  emerging  from  the  tunnel  opening  had 
traveled  a  distance  of  1.76  n  (5.74  ft)  along  the  axis  and  had  decayed  to  an 
overpressure  of  approximately  1.0  bar  (14.5  psi).  Figures  23  through  28 
illustrate  the  pressure,  density,  and  energy  at  two  different  times  (1.5  and 
2.3  nsec)  during  the  calculation.  An  interesting  feature  shown  by  the  pres¬ 
sure  and  density  plots  is  the  development  of  a  Much-item- like  structure  at 
the  interaction  with  the  cliff  face.  The  structure,  usually  observed  only 
with  height-of -burst  detonations,  is  an  indication  of  flow  toward  the  surface 
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Figure  25.  Energy  Contours  in  Exterior  Figure  26.  Pressure  Contours  in  Exterior 

Region  at  1.5  asec  after  Region  at  2.3  msec  after 

Detonation.  Detonation. 


(downward  in  the  picture)  as  well  as  parallel  to  the  surface.  An  indication 
of  this  kind  of  flow  was  seen  in  the  vector  velocity  plot  of  Phase  1 
(Figure  10). 

IV.  PHASE  3:  ONE-DIMENSIONAL  CALCULATIONS 

Phase  3  consists  of  a  series  of  one-dimensional  calculations  along  lines 
radiating  from  the  tunnel  entrance.  The  Phase  3  calculations  were  dene  using 
SAP  (Spherical  Air  Puff),  S-CUBED’s  version  of  the  one-dimensional  Euler ian, 
spherical-symmetry  hydrocode  originally  developed  at  the  Air  Force  Weapons 
Laboratory  (AFWL) . 

At  3.1  msec,  as  previously  mentioned,  the  Phase  2  two-dimensional  calcu¬ 
lation  was  terminated.  It  was  replaced  by  a  series  of  one-dimensional  calcu¬ 
lations  along  the  lines  A  through  G  shown  in  Figure  29.  The  initial 
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conditions  for  each  Phase  3  calculation  vere  obtained  b y  "cutting"  through 
the  Phase  2  calculational  mesh  at  3.1  nsec.  Energy,  density  and  velocity 
values  vere  read  from  zones  through  which  the  lines  passed.  Interpolation 
across  four  adjacent  zones  vas  performed  in  order  to  obtain  values  along  the 
lines.  Also,  the  coaponent  z  and  y  velocities  vere  combined  to  determine  the 
appropriate  velocity  in  the  direction  of  the  line  cut.  Phase  2  contour  plots 
at  3.1  nsec,  vhich  vere  used  to  provide  the  initial  conditions,  are  given  in 
Figures  30  through  33.  The  lines  along  vhich  the  cuts  vere  taken  (approxi¬ 
mately  every  15  deg)  are  shown  in  Figure  30. 

As  each  of  the  SAP  calculations  proceeded  in  tine,  the  waveform  defined 
by  the  cut  vas  alloved  to  propagate  outvard.  The  innermost  cell  vas  contin¬ 
ually  reset  to  conditions  from  the  late-time  record  for  Station  29  (Phase  1) . 
The  one-dimensional  calculations  vere  continued  until  a  shock  front  peak 
overpressure  of  less  than  250  mbar,  or  3.62  psi,  vas  reached.  This  or  urred 
at  times  between  12.0  and  12.5  msec.  After  4.2  msec,  vhen  the  Station  29 
record  ended,  constant  values  of  the  parameters  equal  to  those  at  the  last 
time  for  Station  29  (4.2  msec)  vere  maintained  at  the  inner  edge  of  the  SAP 
grid. 

Figures  34  through  40  are  overpressure  versus  range  plots,  one  for  each 
of  the  seven  SAP  calculations,  at  the  final  time  for  that  calculation.  These 
range  plots  provided  the  vaveforms  from  vhich  inputs  for  NLAWS,  the  acoustic 
vave  propagation  code  used  in  Phase  4,  vere  defined. 

V.  PHASE  4:  NONLINEAR  ACOUSTIC  WAVE  SOLUTION  (NLAWS) 

NLAWS  is  a  code  vhich  treats  the  airblast  waveform  as  an  acoustic  wave. 
The  code  assumes  an  ideal  triangular  waveform  input  vith  an  infinitely  sharp 
rise  to  a  positive  overpressure  and  then  a  monotonic  decay  to  zero.  The 
triangular  vave  is  then  propagated  acoustically  until  it  has  attenuated  to 
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the  desired  levwl.  HAWS  vu  written  at  the  Air  Korea  Weapons  Laboratory  and 
it  used  to  find  tho  peek  overpressure  and  velocity  at  ranges  below  approad- 
nstely  280  abar  (4  pal) . 

Tba  HAWS  profran  vat  na  lor  aacb  of  tho  one-dimensional  calculation*, 
beginning  at  tVi  la*t  tin*  Iran  tba  SAP  calculations  of  Khava  3.  Tho  objec¬ 
tive  vaa  tw  determine  a  rang*  at  vhicb  tha  paak  overpressure  would  have 
attenuated  to  60  abar.  Because  tba  input  waveform  lor  ILAt  must  be  triangu¬ 
lar,  waveforms  Iran  tba  SAP  oBS-diaensloatl  calculations  bad  to  be  aodiliad. 
Ibis  was  done  in  tba  following  manner.  First,  a  vertical  line  was  drawn 
through  tha  aid-point  of  tba  first  rise  on  the  SAP  waveform.  In  Figure  40, 
*his  line  is  designated  "LIMB  1" .  Second,  a  representative  slope  was  chosen 
on  tba  falling  portion  on  tba  wave,  and  a  line  was  drawn  tangent  to  tba  slop¬ 
ing  portion  (illustrated  by  "UXE  2*  in  Figure  40) .  These  two  lines  defined 
a  peak  overpressure  and  a  positive  phase  duration  for  input  to  MLA1S. 

Because  there  was  soae  uncertainty  about  tba  choice  of  the  tangent  line,  a 
second  line  CLUB  3)  was  chosen  and  a  second  XLAVS  calculation  was  performed. 
Choosing  the  input  waveform  in  this  Banner  eliminates  numerical  shock-front 
smearing  and  any  numerical  overshoot,  from  the  hydrocode  results.  The  two 
different  MLA1S  calculations  provide  an  estimate  of  the  accuracy  of  the 
results. 

The  procedure  described  previously  was  applied  to  each  of  the  seven  wave¬ 
forms  from  tho  SAP  calculations  given  in  the  last  section.  In  cases  such  as 
that  for  the  45  deg  line  (Figure  37) ,  in  which  the  waveform  consisted  of  two 
distinct  pulses,  only  the  first  (and  largest)  vaa  used.  Under  acoustic  con¬ 
ditions,  all  parts  of  a  wave  propagate  at  the  same  speed,  thus  there  it  no 
overtaking  of  the  front-running  portions  by  those  following. 

VI.  COICLUSIONS 

The  peak-overpressure  versus  range  listings  generated  by  FLAWS  as 
described  in  the  previous  section  were  interpolated  as  necessary  to  determine 
the  range  at  which  this  peak  falls  below  50  stars.  Because  two  sets  of  input 
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conditions  mi  defined,  a  spread  in  range  vat  obtained  at  each  angle.  The 
results  are  shown  in  Figure  41  (outer  curve) .  As  can  be  teen,  for  positions 
directly  in  front  of  the  tunnel  entrance  (0  deg).  a  distance  of  17  neters  is 
required  to  assure  that  the  peak  overpressure  experienced  will  be  less  than 
SO  abate.  For  off-axis  positions.  16  neters  is  sufficient  at  15  and  30  deg 
and  14  neters  at  45  deg.  At  angles  of  60  deg  or  greater,  only  11  neters  is 
required.  For  the  full-scale  situation  of  in  vnich  2000,000  kga  of 

explosive  are  detonated,  all  distances  would  be  scaled  up  by  a  factor  of  100. 

The  inner  curve  in  Figure  41  defines  the  200-nbar  peak  overpressure 
distances.  This  curve  was  determined  in  exactly  the  sane  way  as  the  50-mbar 
curve,  except  that  in  this  case  the  results  were  taken  from  the  early  part  of 
the  FLAWS  run  or,  at  sevozal  of  the  angles,  directly  from  the  SAP  results. 
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INTRODUCTION 


he  purpose  of  this  report  is  to  present  di  rect-ai rbl ast 
casualty  criteria  for  personnel  in  the  open  and  in  foxholes.  The 
criteria  relate  the  incident  blast  overpressure  required  to  pro¬ 
duce  1-,  50-,  and  99-percent  incidences  of  casualties  as  a  func¬ 
tion  of  the  overpressure  duration.  Hopefully,  the  information 
presented  will  contribute  to  establishing  safe  limits  for  per¬ 
sonnel  . 


injuries  from  the  di  rect-overpressure  effect  are  usually  to 
the  hollow  or  gas  containing  organs  of  the  body.  The  lungs  are 
considered  to  be  the  target  organ  because  their  disruption  by  the 
blast  permits  air  to  enter  the  circulation  leading  to  an  early 
death  from  coronary  and  cerebral  air  embolism.  Associated  with 
lung  hemorrhage  are  bloody  froth  in  the  upper  respiratory  tract 
and  an  increase  in  respiratory  rate.  Contusions  in  the  lining  of 
the  gastrointestinal  tract  and  perforations  at  higher  blast 
levels  are  common  features  of  direct-blast  effects.  Hearing  loss 
from  eardrum  rupture  and  neurosensory  lesions  in  the  inner  ear 


are  the  more  far  reaching  direct  blast  effects 


DEFINITIONS  OF  A  CASUALTY 

There  are  several  definitions  of  a  casualty.  One  is  death  or 
a  person  incapable  of  performing  any  task.  Another  is  a  person 
reduced  to  below  SO  percent  of  his  undegraded  performance  level. 
Still  another  is  percent  incapacitation,  which  relates  the  per¬ 
cent  that  the  man's  performance  is  degraded.  In  this  report,  a 
casualty  is  defined  as  a  combat  ineffective  (Cl),  a  person  who 
can  not  perform  his  assigned  task  at  5  minutes. 
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Human  Incapacitation  is  almost  always  influenced  by  sub¬ 
jectivity  and  by  the  circumstances  of  the  casualty  as  well  as  the 
severity  of  the  trauma.  The  only  available  di  rect-ai  rbl  ast 
criteria  are  based  on  the  severity  of  the  observed  injury  in 
animals,  and  it  is  necessary  to  define  incapacitating  lesions  as 
injuries  which,  had  they  occurred  in  man,  would  almost  certainly 
produce  a  casualty.  Once  the  criteria  are  formulated,  one  then 
looks  for  information  from  accidental  explosions  to  evaluate 
them.  Unfortunately,  wel  1 -documented  cases  of  human  exposure  to 
blast  are  rare--that  is,  the  weight  of  the  explosive  and  the 
exact  distance  from  the  explosion  and,  also,  the  explosions 
usually  occur  inside  structures  or  it  may  not  all  detonate  at 
once. 


Recently,  the  need  arose  to  evaluate  existing  direct-blast 
criteria  for  personnel  and,  if  need  be,  formulate  new  ones. 
Blast  criteria  have  not  been  scrutinized  because  for  conventional 
ordnance  fragments  provide  the  dominant  effect.  Because  of  their 
very  short  duration,  blast  waves  of  very  high  overpressures  (that 
occur  close-in  to  the  charge)  are  required  for  blast  injuries. 
In  the  case  of  nuclear  blasts,  having  very  long-durations,  much 
lower  overpressures  can  inflict  injury.  However,  other  effects 
usually  override  direct-blast  such  as  nuclear,  thermal,  and  blast 
displacement. 

Kokanakis  at  BRL  reviewed  the  state-of-the-art  for  blast 
incapacitation  and  concluded  that  existing  criteria  were  too 
stringent,  Reference  1.  He  suggested  that  the  LD^  lethality 
curve  is  too  severe  a  measure  of  incapacitation  and  would  under¬ 
estimate  casualty  production  as  well  as  the  effectiveness  of 
blast  producing  weapons.  The  LD^  criteria  state  that  fifty 
percent  of  the  personnel  exposed  to  a  one-percent  lethal  airblast 
overpressure  would  become  casualties  from  lung  hemorrhage.  The 
lung  hemorrhage  would  be  severe  enough  to  produce  bloody  froth  in 
the  trachea,  mouth,  nose,  and  increase  the  respiratory  rate. 
Exertion  could  be  fatal.  This  LD^  curve  reported  by  3owen, 
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Reference  2,  was  based  on  the  dose-response  curves  of  about  a 
dozen  species  of  animals  exposed  to  blasts  of  different  positive 
durations  from  high  explosives  in  the  open  and  In  shocktubes. 
Actually,  more  than  three  quarters  of  the  animals  given  an  LD^ 
level  of  blast  sustain  severe  lung  Injury. 

Kokanakls  proposed  relating  the  blast  overpressure  required 
to  produce  threshold  lung  injury  to  99  percent  incapacitation 
(defined  as  the  percent  degradation  in  performance).  He  also 
proposed  blast  overpressures  for  a  50-percent  incidence  of 
eardrum  rupture  as  the  threshold  for  Incapacitation,  Figure  1. 

For  our  purposes,  we  did  not  consider  threshold  lung  injury 
as  incapacitating.  At  threshold  levels,  the  lesions  consist  of 
petechial  hemorrhages  (pinhead  sized)  which  we  find  have  no 
affect  on  respiration  or  blood  gas  concentrations.  Although 
eardrum  rupture  may  result  in  hea.'ing  loss  and,  thus,  correspond 
to  a  casualty  by  definition  (unable  to  hear),  we  would  only 
consider  severe  ear  injury  as  possibly  casualty  producing,  i.e., 
eardrum  completely  destroyed  and  disruption  of  the  ossicular 
chain  that  occur  at  the  higher  overpressures. 

ONE-HALF  LD50  CRITERIA 

The  newly  proposed  direct  blast  criteria  relate  a  50-percent 
incidence  of  combat  ineffectives  (Cl)  to  one-half  the  LD^q  blast 
level  reported  by  Bowen,  Reference  2.  It  assumes  that  50  percent 
of  the  personnel  exposed  to  LD50/2  airblasts  would  become  Cl  from 
lung  hemorrhage.  A  review  of  pertinent  blast-dose  response  data 
from  animals  supports  this  assumption.  There  was  sufficient  lung 
damage  to  increase  the  lung  weight,  produce  bloody  froth  in  the 
upper  respiratory  tract,  and  increase  the  respiratory  rate.  At 
lD50/2  blast  levels,  the  animals  also  sustained  contusions  of  vhe 
gastrointestinal  tract  and  ear  njury  of  a  severe  form  in  about 
half  the  cases.  A  99-percent  incidence  of  Cl  was  set  at  the  LOj 
level  and  the  1-percent  Cl  level  was  found  by  extrapolation 
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downward  using  the  average  slope  taken  from  the  animal  dose- 
response  curves.  The  LD^q/2  blast  curve  Is  about  30  percent 
lower  than  the  LD1  curve  and  about  twice  the  lung  threshold 
curve. 

Figures  2,  3,  and  4  present  the  percent-CI  curves  as  a 
function  of  maximum  Incident  overpressure  and  duration  of  the 
positive  pulse.  Basically,  the  curves  are  those  from  Bowen, 
Reference  2,  with  the  50-  and  1-percent  Cl  curves  added.  Figure 
2  applies  to  man  standing  or  prone  broadside  to  the  blast  wherein 
the  dynamic  pressure  was  added  to  the  incident  side-on  over¬ 
pressure.  Figure  3  gives  the  percent-CI  curves  applicable  to  man 
prone  end-on  to  the  blast  where  the  incident  overpressure  alone 
represents  the  airblast  dose.  Figure  4  shows  the  incident  blast 
overpressure  required  for  the  indicated  percent  Cl  for  personnel 
against  or  close  to  a  reflecting  surface  oriented  normal  to  the 
wave.  In  this  instance,  the  reflected  overpressure  represents 
the  airblast  dose.  Over  the  1-  to  10-msec  duration  range,  the 
incident  overpressure  associated  with  CI50  decreases  by  a  little 
over  a  factor  of  3  for  the  broadside  and  reflecting  geometries  of 
exposure.  Over  the  same  span  of  durations,  the  CI5Q  for  the 
end-on  situation  drops  by  a  factor  of  5.  All  these  curves  apply 
to  blast  waves  that  have  the  maximum  overpressure  at  the  leading 
edge  of  the  wave.  They  should  be  used  with  reservations  to  esti¬ 
mate  man's  response  to  more  complex  blast  waves  that  occur  within 
enclosures . 

The  threshold  lung  injury  curve  in  the  figure  was  set  at 
one-fifth  the  LD5q  and  was  based  on  the  aforementioned  inter¬ 
species  studies.  As  already  mentioned,  the  threshold  lung  injury 
was  a  trivial  lesion.  However,  at  overpressure  levels  required 
for  this  lesion,  one  would  expect  a  high  probability  of  ear 
injury. 
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DIRECT  BLAST  CRITERIA  FOR  PERSONNEL  IN  FOXHOLES 


Curves  showing  the  Incident  overpressures  necessary  to 
produce  1-,  SO-,  and  99-percent  Cl  for  personnel  crouching  In 
foxholes  as  a  function  of  the  duration  of  the  incident  wave  is 
presented  in  Figure  5,  The  curves  apply  to  a  standard  two-man 
open  foxhole  (2x6x4. 5  ft  deep)  oriented  side-on  to  the  blast. 
These  curves  are  based  on  the  data  points  showing  the  response  of 
animals  exposed  to  blast  in  the  standard  foxhole  or  ones  of  com¬ 
parable  geometries.  The  datum  point  for  man  was  estimated  for 
long-duration  waves.  Reference  3.  Data  points  for  sheep  in  the 
standard  foxhole  were  obtained  with  64-lb  and  1-ton  charges.  Ref¬ 
erence  4.  Those  for  goats  in  open  trenches  side-on  were  from  a 
test  using  0.7b  tons,  Reference  5.  The  other  datum  point  for 
goats,  at  100  msec-duration,  was  obtained  on  a  100-ton  shot  with 
subjects  in  the  open  portion  of  a  half-covered  foxhole.  Reference 
6.  Dogs  were  in  the  standard  foxhole  side-on  to  the  blast  from  a 
40-kt  shot.  Reference  7.  The  50-percent  Cl  curve  was  first  es¬ 
tablished  from  this  data  and  then  the  99-percent  and  1-percent  Cl 
curves  were  drawn  30  percent  above  and  below  it.  The  99-percent 
Cl  curve  is  equivalent  to  an  LDj  curve. 

In  the  side-on  orientation,  this  foxhole  affords  more 
protection  from  the  blast  than  when  it  is  end-on.  Little  pro¬ 
tection  is  provided  to  the  occupants  when  the  incident  shock  has 
a  high  angle  of  incidence.  A  crouching  position  is  better  than 
prone  because  the  highest  overpressures  occur  at  the  bottom  of 
the  foxnole. 

DISCUSSION 

A  review  of  the  published  and  unpublished  information  on 
animal  response  to  an  airblast  indicates  the  LD5Q/2  direct 
airblast  criteria  is  sound.  Daia  for  sheep  exposed  to  airblasts 


of  short  durat-on  (3-5  msec).  Reference  8,  Intermediate  durations 
(15  msec).  Reference  9,  and  dogs  given  long-duration  blasts  (400 
msec).  Reference  10,  all  support  the  proposed  criteria.  A  well- 
documented  case  of  ><uman  exposure  to  the  accidental  detonation  of 
a  3.5-lb  uncased  charge  Indicates  that  casualty  predictions  by 
the  criteria  are  assured.  Reference  11. 
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LIST  UF  ILLUSTRATIONS 


Figure  NO.  Title _ 

Figure  1,  Lethality  and  Damage/ Injury  Curves  Predicted  for  a 

70 •  1  b  Man  Applicable  to  the  Freestream  Situation 
(from  Ref.  1).  The  HAM  curve  Indicates  99X  In¬ 
capacitation  and  the  “Bu  indicates  the  threshold 
for  Incapacitation. 


Figure  2.  Direct  Blast  Casualty  Criteria  Predicted  for  Man 

Where  the  Long  Axis  of  the  Body  is  Perpendicular 
to  the  Direction  of  the  Blast. 


Figure  3.  Direct  Blast  Casualty  Criteria  Predicted  for 

Man  Where  the  Long  Axis  of  the  Body  Is  Parallel  to 
the  Direction  of  the  Blast. 


Figure  4.  Direct  Blast  Casualty  Criteria  Predicted  for  Man 

Where  the  Body  is  Against  u  Reflecting  Surface 
Perpendicular  to  the  Incident  Have. 

Figure  5.  Direct  81ast  Casualty  Criteria  Predicted  for  Man 

In  an  Open  Two-Man  Foxhole  (2x6x4. 5  ft)  Side-On  to 
the  Blast. 
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Figure  2. 


1  10  100 
DURATION  OF  POSITIVE  NCDENT  OVERPRESSURE.  MS 


Direct  Blast  Casualty  Criteria  Predicted  for 
Where  the  Long  Axis  of  the  Body  is  Perpend’ cu1  ar 
to  the  Direction  of  the  Blast. 
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DURATION  OF  POSITIVE  INCIDENT  OVERPRESSURE.  MS 


Direct  Blast  Casualty  Criteria  Predicted  for 
Man  Where  th*»  Long  Axis  of  the  Body  is  Parallel  to 
the  Direction  of  the  81ast. 


MAXIMUM  INCIDENT  OVERPRESSURE 


Figure  4.  Direct  Blast  Casualty  Criteria  Predicted  for  Man 

Where  the  Body  is  Against  a  Reflecting  Surface 
Perpendicular  to  the  Incident  Wave. 


DURATION  OF  POSITIVE  INCIDENT  OVERPRESSURE,  MS 


Figure  5, 


Direct  Blast  Casualty  Criteria  Predicted  for  Man 
in  an  Open  Two-Man  Foxhole  (2x6x4. 5  ft)  Side-On  to 
the  Blast. 
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FIELD  TEST  TO  VERIFY  THE  COBURN  -  FORSTER  -  KANE  EQUATION 


1.  BACKGROUND 


ox ic  gas  tests  of  weapons  when  fired  from  vehicles  are  part  of  the  mission 

of  the  U.S.  Army _ Combat  Systems  Test  Activity^.  (USACSTA)  at  Aberdeen  Proving 

Ground  (APG),  MD.  ^fThe  results  oF~these  tests  are  usually  included  in  the  safety 
evaluation  of  a  new  or  modified. .system^ weapon,  or  round  of  ammunition^ 

At  APG,  ~¥our  primary  toxic  gas  compounds  are  measured  during  weapons  firings 
from  vehicles  including  carhon  monoxide  (CO),  nitrogen  dioxide  (NOj) ,  ammonia 
(NH3),  and  sulphur  dioxide  (SO2).  The  principal  toxicant  threatening  operating 
crews  is  CO.  The  gas  is  odorlesB,  colorless,  and  tasteless.  Episodic  CO 
exposures  which  may  be  tolerable  from  health  and  safety  viewpoints  »aay  actually 
be  threatening  to  health  and/or  mission  accomplishment  (performance 
considerations)  ^tfien  these  exposures  occur  repeatedly.  Simply  stated,  the 
explanation  is  that  CO  has  an  affinity  for  blood  hemoglobin  such  that  it  combines 
with  it  very  rapidly  but  is  extremely  slow  in  being  eliminated  from  the  blood  by 
the  body.  Accordingly,  the  net  effect  is  that  CO  reduces  the  oxygen  carrying 
capacity  of  the  blood  which  can  result  ultimately  in  health  and  performance 
impairment  or  even  death  a6  a  function  of  the  numerous  factors  affecting  the 
severity  of  the  exposure(s). 

. . . .  \ 

Coburn-Forster-Kane  (C-F-K)  Equation:  During  1976,  the  U.S.  Army  Huntan 

Engineering  Laboratory-fUSAllBL)  undertook  a  critical  examination  of  the  standards 
and  methods  used  by  the  Army  for  evaluating  human  exposure  to  gaseous  CO  which 
results  primarily  from  firing  weapons  from  enclosed  combat  vehicles.  Both 
transient  and  steady-state  exposures  were  considered  during  the  study  Af  this 
issue,  but  the  brief,  high-level  transient  type  exposure,  typical  of  mojrr  combat 
situations,  was  of  principal  interest.  As  a  lirect  result  of^tfetft  study  and 
subsequent  coordination  with  various  activities  of  the  UJL  -Artny  Surgeon  General 
(SG),  the  materiel  development  comnMTij  fty  t  U-C|  Aenrv- Training  and  Doctrine  Command 
(USATRADOC)  and  USATECOM,  Sthe  CO  exposure  standards  of  MIL-STD-1A72  and  the 
evaluative  procedures  of  MIL^HDBK-759A  were  adopted  by  the  military  services  to 
reflect  a  more  realistic  approach  to  the  issue  of  CO  exposure  than  was  applied 
previously.  The  new  evaluative  procedure  involved  the  prediction  of  blood 
carb oxyhemoglobin  (COHb)  levels  in  exposed  soldiers  by  using  an  empirical 
equation  developed  by  researchers  more  than  a  decade  earlier.  The  predictive 
technique  involves  the  knowledge  of  CO  exposure  level,  its  time  duration  and  the 
level  of  physical  exertion  of  the  exposed  person  during  and  following  exposure 
transients  typical  of  training  or  battle  scenarios*  Because  the  standards  and 
evaluative  procedures  governing  CO  exposure  lla(feted  in  1Q81  were  based 
exclueively  upon  laboratory  research  with  humans,  both\?ere  considered  as  interim 
and  subject  to  periodic  revision  whenever  justified  by  data  obtained  through 
either  continuing  laboratory  research  or  substantiation  of  changes  to  the  C-F-K 
algorithm  constants  through  actual  field  trials  in  realistic  environments. 

Some  evidence  suggested  that  the  C-F-K  equation  (published  in  modified  form 
in  MIL-HDBK-759A)  was  overpredicting  COHb  blood  levels  significantly: 
(a)  occupational  medicine  residency  project;  (b)  unpublished  data  gathered  by 
the  Defence  and  Civil  Institute  of  Environmental  Medicine  (DCIEM-Canada) ,  and 
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(c)  review  meetings/  discussion  among  specialists  representing  USAEHA,  Medical 
Research  and  Development  Co— and,  and  DCXEM  (Canada)*  Two  actions  resulted  from 
the  existing  evidence  and  dicussions: 

a*  The  empirical  constants  of  the  C-F-K  algorithm  were  revised  to  correct  a 
fundamental  error  in  the  units  and  the  equation  was  revised  as  follows: 

X  COHbt  -  X  C0ibo  (exp  (-t/A)J  +  218  [1  -  exp  C-t/A) ]  [1/B  +  ppmCO/1403]  (1) 


where 


Work 

Work 

Effort 

Effect 

Scale 

PaacrictiOB 

A  Value 

B  Sail 

1 

Sedentary 

425 

806 

2 

241 

1421 

3 

Light  Work 

175 

1958 

A 

134 

2553 

5 

Heavy  Work 

109 

3144 

b.  A  field  test  protocol  was  drafted,  approved,  and  implemented  (app  A), 
which  had  the  principal  goal  of  verifying  the  predictive  quality  of  the  C-F-K 
equation  as  used  in  the  evaluations.  Thi.s  report  presents  the  major  findings  of 
the  field  trials  completed  during  June  and  July  1985.  The  individuals' 
participation  were  completely  voluntary  as  outlined  in  the  protocol.  All 
participants  were  attached  to  the  Military  Support  Division,  D.S.  Army  Combat 
Systems  Test  Activity,  Aberdeen  Proving  Ground,  Md. 


2.  OBJECTIVES 

This  re  search  is  categorised  as  a  group  of  field  experiments  which,  for  this 
study,  used  a  safety  certified  M60A3  tank.  As  previously  indicated,  the  research 
is  intended  to  provide  sufficient  data  to: 

a.  Verify  that  the  modified  C-F-K  equation,  as  used  curzertly,  is 
overpredicting  the  percent  COHb  blood  levels  of  ground  combat  vehicle  crews 
exposed  to  CO  emissions  resulting  from  weapons  fire. 

b.  Assuming  that  the  hypothesis  is  confirmed  by  the  test  results,  modifv 
the  C-F-K  equation,  published  in  K XL-HDBK-7 5 9A  to  predict  COHb  blood  levels  of 
crewmen  conservatively,  a-  v.rately,  reliably,  consistently,  and  realistically. 


3*  fiiimmtr  of  vmmm 

a.  Safety  Procedures.  Standard  Operating  Procedures  (SOPs)  and  Test 
Operating  Procedures  (TOPs)  were  used  during  this  test.  Procedures  pertaining  to 
ibe  volunteers  participating  in  the  study  were  controlled  by  the  USACSTA  Field 
Test  Protocol  (app  A)  which  was  approved  by  the  Department  of  the  Army,  Office  of 
the  Surgeon  General,  Human  Use  Review  Office  (app  A). 
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b.  The  policies  and  procedures  of  A ft  70-25  governing  the  use  of  voluoteors 
*r,  subjects  in  Department  of  the  Arsy  (DA)  research  applied  to  the  protocol  for 
this  study  only  in  the  following  manner.  The  subjects  were  biologically 
monitored 'supervised  by  a  physician  who  also  obtained  blood  samples  at  required 
intervals  during  the  test.  The  vehicle/equipment  used  in  the  test  had  previously 
been  safety-certified  and  the  participants  ware  not  experimental  subjects  in  the 
context  of  Aft  70-25.  The  M60A3  tank  was  selected  as  a  test  bed  (fig.  1.3-1)  for 
this  invsstigstion.  The  results  of  this  test  are  independent  of  prior  toxic  gas 
tests  performed  on  this  vehicle  and/or  weapon  system. 
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M60A3  test  bed. 
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The  38  participants  vers  encouraged  to  ask  questions  of  the  principal 
investigators  or  the  nodical  surveillance  officer  on  all  matters  pertaining  to 
test  procedures  and  equipment*  Each  participant  vas  informed  of  the  results  of 
monitoring  and  its  significance*  Appropriate  entries  vere  made  in  the  health 
records  of  each  participant  and  all  data  collected  for  each  individual  vaa 
treated  with  confidence*  This  tast  vas  supported  under  contract  by  The  Johns 
Hopkins  University,  Center  for  Occupational  and  Environmental  Health. 

c.  Test  Procedure :  Prior  to  arriving  at  the  test  site,  the  participants 
vere  divided  into  tank  crevs  of  three  individuals:  loader,  gunner,  «nd  commander. 
The  only  restriction  placed  on  the  crev  selection  vas  that  the  loader  had  to  be  a 
qualified  tanker  and  familiar  vith  the  M60A3  system  and  the  M2 40  coax  machin^gun. 
This  vss  necessary  because  the  individual  in  this  crev  position  vas  required  to 
operate  the  aachinegun  and  the  tank's  main  azmament  veapon  system  (fig.  1.3-2). 
Bach  individual  vas  briefed  as  to  the  importance,  objectives,  procedures,  and 
potential  benefits  of  the  test.  All  participants  vere  volunteers  vho  completed 
ari  signed  a  Volunteer  Agreement  Form  and  a  Consent  Explanation  Form  (app  A) 
along  vith  a  demographic  questionnaire.  Physical  examinations  vere  given  to  each 
crev  member  at  the  U.S.  Kirk  Army  Health  Clinic  (USKAHC)  located  et  APG. 
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Two  firing  eequanees  par  day  were  conducted  (fig.  1.3-3):  one  in  the  morning 
end  on*  in  the  afternoon.  Calibration  bursts  were  fired  by  civilian  personnel 
prior  to  each  teat  trial  to  verify  buret  length,  tine  of  exposure  expected,  and 
CO  concentration.  When  each  tank  crev  arrived  at  tha  site,  a  spirometry  teat 
(fig.  1.3-4)  vaa  performed  as  vac  a  helium  dilution  lung  volume  teat.  Blood 
pressure  end  pulse  were  recorded  and  COWb  vaa  datarmined  vith  a  co-oximeter 
(fig.  1.3-4)  at  tha  aita  from  drawn  blood  aanplat  (fig.  1.3-5).  and  two  alveolar 
air  sample*  (fig.  1.3-7)  were  taken. 


Figure  1.3-3.  Participant  entering  the  M60A3  tank  for  a  firing  sequence. 
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Figure  1.3-7.  On-site  alveolar  sample  to  measure  COHb 


CO  concentrations  inside  the  tank  were  monitored  continuously  using  the 
instruments  contained  in  a  van  (fig.  1.3-8).  Prior  to  each  trial,  the  ammunition 
ready  box  for  the  M2 40  machinegun  mas  loaded  vitb  the  required  quantity  of 
rounds.  When  the  prefiring  measurements  and  checks  vere  completed  and  the  CO 
concentration  in  the  tank  was  sero,  the  crew  entered  the  tank,  and  all  hatches 
were  shut.  The  loader  then  fired  the  complement  of  ammunition  (fig.  1.3-9)  in 
short  bursts  of  five  rounds  every  3  or  4  seconds.  When  the  aasunition  was 
expended,  the  loader  chambered  and  extracted  a  full  weight  duausy  105-mm  high 
explosive  antitank  (HEAT)  round  five  times  to  simulate  the  physical  effort  during 
a  firing  episode.  At  the  end  of  t'uis  exercise,  the  crew  was  sedentary  until  the 
end  of  the  test  period.  Data  acquisition  began  when  the  first  round  was  fired 
and  continued  until  the  ventilation  blower  was  turned  on  at  the  conclusion  of  the 
test  trial.  All  hatches  were  then  opened.  The  tank  crew  was  in  constant 
communication  with  USACSTA  personnel  in  the  instrumentation  van  and  outside  the 
test  vehicle  during  the  test  trial.  The  latch  on  the  small  ballistic  cover  in 
the  larger  loader's  hatch  had  been  modified  so  that  it  would  close  securely  but 
the  cover  was  operable  from  the  outside.  This  feature  permitted  personnel 
outside  the  vehicle  to  extend  one  hand  inside  and  open  the  loader's  hatch  in  an 
emergency. 


4.  ANALYSIS 


a.  Demographic  apd  PhY8i«?J.<?gig  Dgta  Analgia. 

The  average  soldier  in  this  study  was  a  young  (mean  age  22.8)  male  smoker 
(66%)  averaging  69.8  inches  tall  and  weighing  177.6  pounds.  The  mean  pretest 
COHb  and  alveolar  CO  were  3 .6%  and  17  ppm  respectively.  The  smokers  averaged 
about  17  cigarettes  per  day  with  the  last  cigarette  smoked  about  50  minutes  prior 
to  the  test  exposure.  The  mean  initial  COHb  level  for  the  smokers  (n  =  25)  was 
4.6%  (SD  «  2.0)  and  the  mean  for  nonsmokers  (n  *  13)  was  1.6%  (SD  »  0.4).  The 
%  COHb  ranges  for  each  group  were  1.2  to  2.5  and  1.2  to  8.6,  respectively. 
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b.  COBb_L«V«l  Eradiation  Using  the  C-F-K  Equation 

(1)  Rctilfld  modified  aquation. 

(a)  The  moat  recent  version  of  the  equation  currently  used  by  the  Army  is 
the  revised  version  released  for  field  use  in  February  19£5.  This  equation  has 
been  included  in  the  1atest  revision  of  MIL-HDBK-759. 

(b)  As  a  result  of  the  demographic  and  pretest  physical  data,  it  vas 
discovered  that  the  average  initial  COHb  level  for  the  population  was  3.61. 
Furthermore,  the  lowest  level  measured  vas  1.2Z.  The  initial  %  COHb  value  to  be 
used  for  predicting  COHb  blood  levels  should  be  addressed  as  an  issue  for  future 
study.  For  the  purpose  of  this  analysis,  the  actual  measured  initial  CoHb  vas 
used  to  predict  final  COHb  levels  for  each  soldier.  The  average  CO  levels  (table 
1.5-1)  vere  used  for  the  calculations. 

(2)  Revised _ modified _ equation _ versus  modified _ CrF-R  —  ..equation 

(MIL-STD-759A) .  The  predicted  rise  in  COHb  levels  from  each  of  the  two  equations 
vere  compared  at  vork  effort  levels  2,  3,  and  4.  It  vas  found  that  the  modified 
equation  predicts  significantly  higher  levels  than  the  revised  equation.  This 
verifies  the  hypothesis  that  the  modified  C-F-K  equation  overpredicted. 

(3)  Initial  Z  COHb  value  used  in  the  C-F-K  equation.  MIL-STD-1472C  states 
that  an  initial  COHb  value  of  1'  shall  be  assumed  for  all  estimates  while  using 
-he  C-F-K  equation  to  predict  final  COHb  levels.  The  data  presented  in  this 
study,  which  is  based  on  a  population  sample  of  38  male  soldiers,  indicates  that 
the  1Z  value  is  not  a  reasonable  estimate.  The  average  pretest  Z  COHb  level  for 
the  whole  population  was  3.6Z  (SD  -  2.2Z).  The  pretest  level  for  nonsmokers  was 
1.6Z  (SD  *  0.4Z)  and  4.6Z  (SD  -  2.0)  for  smokers. 

Accordingly,  a  linear  regression  analysis  was  performed  to  compare  the 
predicted  Z  COHb  levels,  using  the  revised  equation  with  C0Hbo  ■  1  and  vork 
effort  level  4,  with  the  actual  Z  COHb  levels.  The  slope  of  the  plot  is  1.16 
with  a  correlation  of  0.746.  This  is  further  assurance  that  the  predictive 
equation,  as  presently  used,  is  overpredicting  actual  measured  values 
significantly. 

(4)  Campariflon _ of.  the _ rise _ in  CORb  between  fiha _ loader,  position  and,  the 

commander  gunner  positions.  Figure  1  .5-1  isolates  the  data  for  the  leader  and 
commander.  The  revised  equation  was  used  for  this  plot.  Due  to  the  location  of 
the  loader,  in  the  tank,  in  relation  to  the  commander  and  gunner,  the  loader  vas 
exposed  to  lower  CO  concentrations  than  the  other  two  positions.  However,  based 
on  the  available  data,  the  trend  is  for  the  equation  to  overestimate  the  levels 
of  COHb  for  sedentary  persons  while  underestimating  lower  levels  for  working 
persons.  It  would  seem  then  that  a  greater  emphasis  for  persons  physically 
stressed  should  be  applied  in  any  evaluations  involving  prediction  of  COHb 
levels. 


Figures  1.5-2,  -3,  -4,  are  graphs  which  compare  the  rise  in  COHb  of  the 
predicted  levelo  versus  the  actual  measured  levels.  The  revised  equation  at  work 
effort  levels  2,  3,  and  4  was  used  to  plot  these  graphs.  Table  1.5-2  shows  the 
slopes  and  standard  deviations  associated  with  these  plots. 
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Figure  l.S-J.  Poet  and  pre-test  blood  versus  theoretics!;  pre-test  blood  (aodified  equal ioni  MEL 


PLgure  1.5-4.  Post  and  pre-test  blood  versus  theoretical!  pre-test  blood  (Modified  squat  Ion i 


TA3LB  1.5-2.  USB  HI  Z  C09b  (THBOHITICAL  V1H8U8  MXASUR&D) 


Work 

Effort 

LavaL. 

2 

Slone 

8D 

l  GflHk 
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♦Slope  not  significantly  different  from  1.0  at  the  0.05  level. 
bSlope  significantly  different  from  1.0  at  0.05  level. 


Based  on  these  data  it  teens  that  work  effort  level  2  best  approximates  the 
actual  Z  COHb  in  the  blood  of  sedentary  personnel  for  this  population.  At  work 
effort  level  2.  the  slope  does  differ  from  1.0  but  ie  not  significant.  Because 
the  slope  is  greater  than  1.0.  the  equation  tends  to  overpredict  the  i  COHb  for 
sedentary  personnel.  A  slope  of  less  than  1.0  would  indicate  an  under  prediction 
with  no  margin  for  error.  Consequently  work  effort  levels  3  and  4  tend  to 
significantly  overpredict  for  sedentary  personnel  so  that  neither  value  is 
considered  a  reasonable  approximation. 

The  work  effort  demonstrated  by  the  loader  tends  to  produce  a  higher  rate  in 
the  rise  of  X  COHb  than  the  other  two  positions.  This  is  clearly  indicated  in 
the  plots  of  Figures  1.5-2,  -3,  and  4.  At  work  effort  level  2,  the  slope  (0.84) 
is  less  than  1.0.  While  this  is  not  significantly  different,  it  indicates  that 
no  margin  for  error  would  be  involved  for  the  loader.  At  work  effort  level  3, 
the  slope  (1.13)  is  greater  than  1.0  (though  not  significantly)  indicating  that 
some  error  margin  is  involved.  Consequently  it  would  seen  thet  the  revised 
equation  at  work  effort  level  3  is  the  preferred  value  of  physical  atreas  for  the 
loader.  However,  it  should  be  pointed  out  thet  the  loader  was  not  exposed  to  CO 
dosages  greater  than  8000  ppm-min.  It  is  not  known  therefore  that  the  predictive 
values  above  the  8000  ppm-min  dosage  would  continue  to  be  the  best 
approximations.  Only  further  testing  above  those  levels  would  resolve  which  work 
effort  level  should  be  used.  The  slope  at  work  effort  level  4  was  significantly 
different  from  1.0  at  0c05  level.  The  equation  significantly  over  predicts  at 
this  level. 

( 3)  grocadiurea _  (instruments  for  weasuriny  I  COHb  levels).  The  COHb 

measurements  were  performed  on  site  before  and  after  each  firing  episode.  The 
blood  samples  were  run  in  duplicate  on  an  Instrumentation  Laboratories 
CO-oxineter,  Model  282  and  the  alveolar  air  samples  were  measured  on  e  Mini  CO 
Brand  portable  CO  analyser  which  was  calibrated  against  NBS  gases  before  and 
after  each  test  trial. 
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(6)  Alveolar  I _ CQHh  uma  1  CQHh-  Figure  1.3-5  is  a  graphical 

representation  of  alveolar  varaua  COEb  blood  levels  for  the  combined  pre-  and 
post-teat  data.  The  figure  includes  the  regression  equation  for  the  data  as  well 
as  the  regression  standard  deviation  and  correlation  coefficient.  Figure  1.5-6 
is  a  similar  graphic*}  representation  as  the  previous  figure  but  excludes  one 
outlier  data  point.  'Jonh  regression  lineo  indicate  that  the  two  methods 
(alveolar  versus  blood),  for  measuring  X  COHb  blood  levels,  differ  significantly. 

Figure  1 .5-7  presents  a  graph  of  the  incraaental  increase  in  blood  COHb 
levels  coaparing  pre-  and  post-test  aeasureaents  for  both  alveolar  and  blood 
methods  of  aeasureaent.  A  significance  test  on  the  slopes  indicate  that  they  are 
not  significantly  different  fro*  1.0  at  the  0.05  level.  While  the  two  methods 
differ  with  respect  to  deterainiag  absolute  COHb  blood  levels,  they  do  not  differ 
with  respect  to  determining  incraaental  increases  in  Z  COHb  levels. 
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Figure  1.5-fc.  Alveolar,  1  COHb  veraus  blood,  X  COflfc  (excludes  erne  Mtlicr  at  1*2,1) 


6.  coaaiiaiQMS 


e.  This  study  was  implemented  to  answer  the  question:  Is  the  C-F-K 
equation  as  currently  used  by  the  U.S.  Army  overpredicting  increases  in  COHb 
blood  levels  for  combat  crew  members  exposed  to  weapon  fire  in  enclosed  ground 
combat  vehicle?  The  results  of  this  study  support  the  hypothesis  that 
overprediction  is  occurring. 

b.  A  comparison  of  the  predicted  change  in  %  COHb  versus  the  actual 
measured  change  in  %  COHb  indicates  that  the  predicted  increases  are 
significantly  higher  at  work  effort  levels  3»  4,  and  5. 

c.  The  mean  initial  X  COHb  level  for  all  participants  was  3.6%  with  a 
standard  deviation  of  2.2  and  a  range  of  1.2  to  8.6.  The  use  of  IX  as  the 
initial  COHb  level  for  calculating  absolute  X  COHb  is  questionable. 

d.  The  revised  modified  C-F-K  equation  indicates  that  WEL  3  best 
approximates  the  actual  X  COHb  change  for  the  loader's  position  and  WEL  2  best 
approximates  the  actual  X  COHb  change  for  the  remaining  two  positions  rather  than 
WEL  4. 


e.  It  is  suspected  that  the  incremental  increases  in  X  COHb  are  greater  for 
ncnsmokers  than  for  smokers. 

f.  The  alveolar  X  COHb  measurements  are  slightly  higher  than  blood 
measurements. 

g.  The  increment  of  X  COHb  levels  as  measured  by  the  alveolar  method  are 
not  significantly  different  than  the  blood  measurements. 
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USACSTA  FIELD  TEST  PROTOCOL 


A.  DESCRIPTIVE  INFORMATION: 

1.  Project  Title.  Field  Experiment  in  Support  of  Verifying  tr.e 
Predictive  Quality  of  the  Coburn-Forster-Kane  (CFK)  Equation. 

2.  Principal  Investigatorf s) :  Martin  Mossa  (STECS-SO-S)  (X34756) 

Thomas  Lucas  (STECS-DA-M)  (X35133) 

Associate  Investigator(s) :  C.  Herud  6 L.  Brown  (STECS-EN-PC)  (X33163) 

Consultant:  Sy  Steinberg  (AMXHE-CC)  (X3S9S6) 

Medical  Surveillance  Officer:  Dr.  Melvin  Tockman 

JHU  COEH  WPHS  Building  6 
3100  Wyman  Park  Drive 
Baltimore,  MD  21211 

3.  Study  Start  Date:  Following  protocol  approval  and  to  be  submitted  for 
renewal  bi-annual ly. 

B.  BACKGROUND: 

1.  During  CY  1976,  KEL  undertook  a  critical  examination  of  both  the  stan¬ 

dards  applied  and  methods  used  by  the  Army  in  evaluating  human  exposure  to 
gaseous  carbon  monoxide  (CO)  for  transient  and  steady  state  type  exposures.  Of 
particular  concern  was  the  brief  high-level  transient  exposure  typicnl  of 
firing  weapons  from  enclosed  ground  combat  vehicles.  As  a  direct  result  of 
that  study  >  and  subsequent  coordination  with  various  activities  of  the 

Army  Surgeon  General,  the  Development  Community,  TRADOC  and  TECOM,  the  ex¬ 
posure  standards  of  MIL-STD-1 47 2C  and  evaluative  procedures  of 

MIL-HDBK-7 59A  (ref  3)  were  revised  to  reflect  a  more  realistic  approach  to  the 
problem.  The  new  approach  involved  predicting  percenc  carboxyhemogiobin  (COHb) 
in  the  exposed  persons  blood  by  using  an  empirical  equation  developed 

hy  researchers  several  years  earlier.  The  predictive  technique  used  by  the 
Army  is  described  in  detail  in  reference  3;  following  the  prediction  of  COHb 
blood  level,  the  values  are  then  compared  with  the  standards  specified  in 
MIL-STD-1 47 2C  to  determine  whether  any  hazard  exists  and  the  extent  of  the 
hazard,  if  applicable. 

2.  The  researchers  (Coburn,  Forster,  Kane)  (CFK)  relied  exclusively  upon 
laboratory  results.  Although  the  empirical  equation  which  the  researchers 
developed  was  based  exclusively  upon  measurements  of  the  exposed  subjects'  COHb 
blood  levels  by  both  alveolar  air  and  blood-sampling  analyses,  and  although 
only  individual  episodic  exposures  were  involved  in  the  experiments,  the  equa¬ 
tion  was  accepted  by  the  Army  medical  community  as  applicable  for  use  with  mul¬ 
tiple  exposures  typical  of  the  exposure  scenario  in  live-fire  training  or  in 
actual  combat. 


3.  The  CFK  equation  ha#  not  bean  verified  by  data  obtained  from  actual 
field  tests  and  although  the  modified  CFK  equation  of  MIL-HDBK-759A  that  the 
Army  now  u#e#  it  applied  conservatively  (i.  e. ,  ventilation  race  of  exposed 
per'aoaa  intemtioneUy  assumed  to  be  high),  there  is  a  pressing  need  to  quan¬ 
tify  the  predictive  quality  of  the  CFK  equation  since  we  are  using  it  to  assure 
an  appropriate  evaluation  of  the  tcxic  hazard  for  each  system.  A  positive 
means  of  doing  that  is  to  collect  actual  CO  exposure  data  in  a  field  setting 
and  compare  these  data  to  modified  CFK  equation  predictions. 

4.  Recently,  an  occupational  medicine  residency  project  was  completed 
(ref  5)  which  suggested,  in  part,  that  the  modified  CFK  equation  may  be  sig¬ 
nificantly  overpredicting  the  COHb  blood  levels  of  exposed  occupants  of  ground 
combat  vehicles  (prototype  LAV,  M60A3,  H109).  In  addition,  unpublished  data 
(ret  6)  obtained  by  the  Dafeace  and  Civil  Institute  of  E$viroranencal  Medicine 
(DCIEM-Canada)  lends  credence  to  the  belief  that  thase  overpredictiooa  may  be 
at  much  as  40  to  50  percent.  Finally,  rasaarchars  at  tha  Health  Effects 
Research  Laboratory  (EPA)  at  Chapal  Hill,  NC,  also  support  the  thesis  of  CFK 
equation  overprediction  based  upon  their  recent  findings  in  conducting  a 
research  program  which  they  and  the  Army  Medical  Biotngineering  Research  and 
Development  Laboratory  (Ft  Detrick)  jointly  sponsor. 

5.  Based  on  the  ebove,  it  would  be  advantageous  to  obtain  sufficient  data 
to  verify  statistically  tha  degree  to  which  overpredictions  are  now  being  made 
in  evaluating  CO  exposure  end  to  adjust,  as  required,  the  modified  CFK  equation 
empirical  constants  to  increase  the  potential  of  predicting  COHb  blood  levels 
realistically.  Not  to  obtain  such  data  risks  the  potential  of  obtaining 
results  of  toxic  fumes  tests;  this  could  result  in  erroneous  rejection  of  valid 
hypotheses  made  before  testing  (i-e.,  rejection  of  a  system  as  unsafe  which  is, 
in  fact,  safe). 

6.  The  data  obtained  would  be  used  to  revise,  as  required,  the  modified 
CFK  equation  given  in  Reference  3  (MIL-HDBK  759A).  Any  necessary  revision  of 
the  equation  would  be  acted  upon  by  HEL  and  coordinated  with  responsible  ac¬ 
tivities  of  the  Army  Surgeon  General  and  TECOM,  pursuant  to  soliciting  the 
necessary  approval  for  revising  MIL-HDBK  759A. 

C.  OBJECTIVE : 

1.  The  proposed  research  is  categorized  as  a  group  of  field  experiments 
which  use  ground  combat  vehicles  already  safety-certified.  As  indicated 
previously,  the  research  is  intended  to  provide  sufficient  data  to: 

a.  verify  that  the  modified  CFK  equation  as  now  being  used  is  over- 
predietthg  the  percent  COHb  blood  levels  measured  in  subjects  exposed  to  CO 
emissions  resulting  from  ground  combat  vehicle  operations  including  weapons 
fire,  and 


b.  adjust  the  CFK  equation  given  in  MIL-HDBK-759A  to  predict  reliably, 
accurately,  consistently,  and  with  realistic  conservatism,  the  COHb  blood 
levels  of  exposed  soldiers,  assuming  that  the  hypothesis  of  a.  above  is 
confirmed. 
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D.  METHODOLOGY: 


1.  Participants:  Tha  participants  will  consist  of  ml itary/civilian  west 
personnel,  organisationally  tied,  to  the  US  Array  Combat  Svstens  Test  Activity  at 
Aberdeen  Proving  Ground,  whose  job  function  is  to  act  as  crew  nencers  during 
development  or  special  testing  of  combat  vehicle  systems  already  safety- 
certified  and  specifically  during  weapon-firing  episodes.  It  is  not  necessary 
that  they  be  experienced  ocher  than  to  perform  the  casks  for  the  specific  test 
being  conducted,  and  that  they  be  willing  to  both  act  as  supporting  aub- 
jects/participants  in  pursuit  of  the  test  objectives  noted  above.  They  must 
also  be  willing  to  be  subjected  to  biological  monitoring  which,  in  part,  will 
include  periodic  drawing  of  blood  samples  from  their  arms  and  breathing  into 
and  air  bag. 

i 

2.  Test  Apparatus l  \ 

a.  Due  to  the  limited  financial  resources  available  for  these  proposed 
aeries  of  field  tests,  the  plan  is  to  implement  this  program  by  obtaining  the 
needed  data  during  teats  of  major  combat  vehicles  (e.g.,  Ml,  BFV,  LAV,  M109, 

MlEl,  M60  Series)  when  each  is  scheduled  specifically  for  live  firing  tests 
that  provide  safe,  high-level  transient  exposure  to  gaseous  carbon  monoxide 
(CO)  to  on-board  crew  members.  Firing  of  the  main/auxiliary  weapons  under  a 
variety  of  test  conditions  (hatches  open  and  closed,  engine  on  and  off,  vehicle 
stationary  and  moving,  varying  rata  of  fire)  will  provide  the  needed  variation  I 
of  CO  exposures.  Essentially,  there  tests  are  "piggyback"  variecy.  j 

b.  The  major  instrumentation  to  be  used  consists  of  the  following:  j 

i 

(1)  Ambient  crew  space  and  alveolar  CO  concentrations  will  be  obtained  as  j 
follows:  .  | 

\ 

(a)  Ambient  Crew  Space  CO  Concentration:  During  mobile  tests,  a  j 

Leybold-Heraeus  Binos  dual  channel  nondispersive  infrared  carbon  monoxide 
analyser  (full  scale  range  is  2500  ppm  CO)  will  be  mounted  in  the  crew  compart¬ 
ment  to  monitor  CO  concentrations  at  two  positions  within  the  test  vehicle. 

During  stationary  tests,  Leybold-Heraeus  single  channel,  dual  range  (full  scale  j 
ranges  1,000  and  10,000  ppm),  nondispersive  infrared  analyzers  mounted  in  a  1 

mobile  toxic  laboratory  and  connected  to  the  test  vehicle  by  Teflon  tubing  will  ; 
be  used  to  monitor  CO  concentrations  at  four  positions  within  the  test  vehicle.  | 
Test  data  will  be  recorded  on  either  Metrosonics  d 1—33 1  digital  data  loggers 
(mobile)  of  Nicolet  4094  oscilloscopes  (stationary). 

i 

(b)  Alveolar  CO  Concentrations:  For  all  tests,  a  Bechman  Model  865 
triple  range  nondispersive  infrared  analyzer  will  be  used  to  analyze  the 
samples  collected  in  evacuated  polyethylene  bags.  Test  data  will  be  recorded 
on  Nicolet  4094  oscilloscopes. 

(c)  All  analyzers  will  be  calibrated  with  zero  air  and  appropriate  range 
span  gases.  Analyzers  used  for  crew  space  monitoring  will  be  calibrated  at  0, 

500,  1,000,  and  2.5GO  ppm  (nominal).  Analyzers  used  for  alveolar  air  monitor¬ 
ing  will  be  calibrated  at  0,  25, 'and  50  ppm  (nominal).  All  calibration  gases 
will  be  analyzed  and  certified  by  the  supplier  and  will  be  checked  against  NBS 
Standard  Reference  Materials  by  gas  chromatography.  These  devices/recorders/ 
supporting  items  will  either  be  installed  in  the  vehicle  or  in  an  accom¬ 
panying  instrumentation  van,  as  appropriate. 
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(2)  Alveolar  CO  spacimeas  will  be  collected  in  evacuated  polyethylene 
bags,  each  equipped  with  a  three-vay  valve  and  disposable  mouthpiece.  The  col¬ 
lection  technique  (Stewart  ec  al  (ref  7))  will  be  followed  and  alveolar  CO  con¬ 
centrations  determiaedv ianediately  afterward  with  the  instrumentation  specified 

in  the  preceding  paragraph. 

(3)  Hood  samples,  for  determining  the  percentage  COHb,  will  be  obtained 
btforw  and  after  completion  of  each  monitoring  scenario.  The  blood  will  be 
drawn  into  evacuated  tubes  containing  ethyiene-diamine-tttraacecic  acid  (EDTA). 
According  to  Collison  er  al  (rtf  8),  these  blood  samples  may  be  shipped  or 
stored  in  stoppered  test  tubes  at  refrigeraeor  temperatures  for  at  laast  10 
days  without  significant  loss  of  COHb  concentration.  Blood  COHb  concentrations 
will  be  determined  by  tpectophotometeric  methods  on  a  CO-Oximeter  following  tha 
procadure  developed  and  standardized  by  the  Armed  Forces. Institute  of  Pathology 
(unpublished).  Even  though  the  precision  of  CO-Oximeter  results  is  reduced 
(♦/-  0*22)  from  that  obtained  by  the  gaa  chromatograph,  the  precision  is 
adequate  for  biologic  monitoring  applications.  It  is  expected  that  the  blood 
specimens  will  be  analysed  for  COHb  content  by  the  laboratory  at  Johns  Hopkins 
Hospital  supervised  by  Dr.  Richard  Traystman. 

(4)  Blood  for  hemoglobin  electrophoresis  and  complete  blood  count  will  be 
drawn  before  CO  exposure  and  submitted  to  the  Kirk  Medical  Department  Activity 
at  APG  for  analysis.  The  submission  of  the  specimens  will  be  in  accordance 
with  the  SOP  at  the  clinic. 

c.  Procedures: 

(1)  The  experimental  scenario  will  be  a  function  of  tha  type  of  firing 
test  scheduled  by  USACSTA  as  indicated  above  in  subparagraph  2a. 

(2)  The  test  crew  for  each  field  test  will  be  briefed  as  to  the  test 
purpose/objectives/procedures. 

(3)  Other  than  a  practice  session  during  which  the  crew  will  be  taught 
how  to  breath  into  the  polyethylene  bag  for  collecting  the  alveolar  CO 
specimens,  no  training  of  personnel  will  be  necessary. 

(4)  Data-collection  procedures  sre  susmnarized  as  follows: 

(«)  Following  an  explanation  of  the  purposes/objectives  of  the  test 
program,  each  participant  will  be  asked  to  complete/sign  the  "Consent 
Explanation  Sheat  and  Volunteer  Agreement"  form 

(b}  A  demographic  questionnaire  (Appendix  B)  will  be  administered  to  all 
test  participants  before  resting  by  a  test  te-.m  member  who  will  instruct  the 
subjects  in  the  proper  technique  of  providing  valid  alveolar  CO  specimens. 
Appendix  C  provides  the  detailed  procedure  to  determine  the  COHb  level  from  the 
alveolar  specimen; 

(c)  For  each  crew  member,  an  alveolar  CO  specimen  and  blood  sample  will 
be  obtained  before  a  firing  sequence  or  anticipated  episodic  exposure.  Both 
alveolar  CO  and  blo-'d  specimens  will  be  collected  outside  the  test  vehicle; 

(d)  In  addition  to  COHb  determinations,  blood  specimens  will  be  obtained 
for  hemoglobin  electrophoresis  and  a  complete  blood  count  (total  hemoglobin, 
red  cell  indicia's,  and  white  cell  count  with  differential); 
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(«)  CO  levels  will  be  monitored  end  recorded  continuously  during  the 
scenario.  Air  samplings  will  be  obtained  from  the  breathinc  zones  of  all  crew  j 
members.^  Wherever  practical,  analyses  and  recording  equipment  will  be  located 
in  the  crew  compartment;  remote  monitoring/ recording  will  be  employed  when 
either  the  scenario  or  space  prevents  the  equipment  from  being  placed  in  the 
vehicle;  and, 

(f)  additional  data  to  be  obtained  include  test  conditions,  configure- 
tion,  meteorological  conditions,  personnel  participating,  test  conductor,  ect. 

E.  EXPERIMENTAL  DESIGN: 

1.  On  the  basis  of  the  details  presented  in  the  preceding  paragraphs,  no 
experimental  design  is  unique  to  these  series  of  proposed-,  field  tests.  As 
stated  in  paragraph  D2a  above,  the  specific  vehicle  tests  to  be  selected  will 
involve  major  vehicle  systems,  already  safe cy-certif ied,  which  are  scheduled 
for  live  firing  casts  whsrs  ths  sxposures  to  CO  emissions  are  expected  to  be 
both  of  the  transient  type  and  of  fairly  high  'aval,  typical  of  firings  fith 
the  main  or  auxiliary  weapons.  Accordingly,  the  scenarios  for  each  test  may 
vary  significantly,  but  the  ecmmonality  that  exists  will  be  evident  in  that 
vehicle  crews  will  have  been  exposed  to  various  levels  of  CO,  and  that  these 
personnel  will  be  biologically  monitored  to  determine,  by  two  independent  means 
(alveolar  CO  and  blood  specimens),  the  percentage  of  COHb  in  their  blood. 

F.  DATA  ANALYSIS 

1.  Description: 

a.  In  accordance  with  statements  made  in  ths  BACKGROUND  Section 
(Paragraph  B)  of  this  protocol,  it  is  suspected  chac  the  CFK  equation  (ref  3), 
aa  the  Army  is  now  using  to  evaluate  the  criticality  of  human  expoaura  to  CO, 
is  overpradicting  significantly  (to  SO  percent)  the  percentage  COHb  in  the  ex¬ 
posed  person's  blood.  This  belief  results  from  several  sources  of  information 
including  the  data  presented  in  Figure  1  the  results 

presented  in  Reference  S,  and  in  personal  discussions  with  the  author,  and 
preliminary  results  of  the  multi-year  research  program  sponsored  jointly  by  the  I 
AMBRDL  (Ft  Detirick)  and  the  KERL  (ERA  at  Chapel  Hill,  NC).  Also,  the  tequired 
ventilation  values  for  crew  members,  now  used  in  the  modified  CFK  equation  (24  ! 

and  18  liters  for  firing  and  nonfiring  episodes,  respectively)  may  be  overly 
conservative  and  contribute  significantly  to  overpredicting  percent  COHb  blood  j 
levels. 


b.  It  is  intended  to  develop  plots  of  Alveolar  CO  (ALCO)  versus  percent 
COHb  (from  blood  specimens)  versus  CFK  equation  predicted  percent  COHb  level 
for  each  vehicle  tested.  Linear  regression  techniques  will  be  employed,  in¬ 
cluding  the  calculation  of  95  percent  confidence  bands,  correlation  coeffi¬ 
cient,  and  regression  standard  deviation*  Composite  plots  composed  of  test 
data  obtained  from  all  vehicles  will  be  similarly  treated  and  compared  to  the 
individual  plots.  The  results  of  this  type  analysis  should  be  a  recommendation 
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whether  «  revision  co  cho  modified  CFX  equation  is  necessary.  Any 
recommendation  for  revision  that  results  from  these  investigations  will  be 
coordinated  vieh  the  appropriate  activity(s)  of  the  Army  Surgeon  General. 

<5.  UUKM  U«: 

1.  Kink:  The  risk  for  participants  is  minimal  as  all  vehicles  intended 
for  use  in  the  field  tests  vill  already  have  been  aafety-eertif ied.  The  risk 
for  participant#  should  be  less  than  ordinary  since  they  vill  be  medical lv 
monitored  during  the  tests.  This  would  probably  not  have  been  the  case  if  the 
firing  tests  had  been  performed  apart  from  the  subject  of  this  protocol. 
Although  the  collection  of  ALCO  and  blood  specimens  dees  pose  some  element  of 
risk  to  the  participant  from  a  viewpoint  of  a  slight  invasion  of  his  physical 
being*  competent  medical  personnel  will  be  in  attendance  during  the  testing* 
and  the  individual's  participation  is  completely  voluntary, 

2.  Safety  Procedures : 

a.  SOP  385-67  (ref  10)  other  pertinent  SOP1 a  as  well  as  TOP  2-2-614 

will  be  adhered  to  during  all  testing,  furthermore,  safety  releases  issued 
for  specific  test  items  vill  be  strictly  observed. 

b.  The  policies  and  procedures  of  Aft  70-25  governing  the  use  of 

volunteers  as  subjects  in  DA  research  apply  to  this  protocol  only  in  the  sense 
that  the  subjects  vill  be  biologically  monitored/ supervised  by  a  medical  of¬ 
ficer  vho  vill  also  be  obtaicing  blood  samples  at  appropriate  intervals  during 
th"  testing.  It  is  emphasised  that  although  the  civilian  and  military  par¬ 
ticipants  vill  be  exposed  to  toxic  gases,  the  vehicles/equipments  used  in  the 
tests  have  already  been  safety-certified  and  the  participants  are  not  ex¬ 
perimental  subjects  in  the  context  of  AR  70-25. 

c.  While  the  risks  are  determined  to  be  minimal,  in  the  event  of  an  emer¬ 
gency,  medical  personnel  will  be  available  on  site  to  administer  emergency 
treatment.  Appropriate  medical  facilities  vill  be  available  to  administer  such 
treatment  as  100  percent  oxygon.  Arrangements  vill  be  made  in  advance  to  fly 
potential  victims  to  the  Shock  Trauma  Unit  at  University  Hospital  if  conditions 
warrant. 


3.  Participants  will  be  informed  as  to  the  results  of  monitoring  and 
their  significance.  Appropriate  entries  will  be  made  in  their  health  records. 
The  data  collected  vill  respect  the  confidentiality  of  individuals. 

4..  Pertinent  questions  by  the  research  subjects  may  be  submitted  to  the 
principle  investigator  or  the  medical  surveillance  officer. 


942 


Consent  Farm 


CONSENT  EXPLANATION  AND  VOLUNTEER 

AGREEMENT 

DATE - TINE - 

ORGANISATION:  Vi  Amy  Coabat  Systems  Test  Activity,  Aberdeen  Proving  around,  MD. 
HOOS-MSf 

PROTOCOL  TITLEs  Soto  for  Empirical  Hodificotion  of  tho  Coburn-Fors*ar-Kan#  Equation 

PRINCIPAL  IRVESTIGATORtSh  Messrs.  Martin  Kotii  (STECS-SO-)  (X34754)  ond  Thomas  Lucas 
CGTECS-DA-K)  (XJtl3» 

ASSOCIATE  HVE81GAT0RtS*  Motors.  C.  Horud  ond  L  Broun  (STECS-EN-PC)  (X33US) 
CONSULTANT:  Mr.  &  Steinburg  (AHXHE-CC)  (X359SO 

MEDICAL  SVRVEILANCE  QFFICERlSk  Dr.  Molvin  Tockman  and  Dr.  Diehard  0.  Dockins 

PA1TICIPATI0I  IIF08MATIOB;  Vo  aro  stoking  voluntoors  to  participate  in  a  research 
study  eonductod  by  tho  US  Amy  Combat  Systems  Tost  Activity  at  Abordoon  Proving 
Ground  in  conjunction  with  tho  Johns  Hopkins  Cantor  for  Occupational  and  Environmental 
health.  It  is  very  important  that  you  understand  tho  folloving  general  principles  which 
apply  to  all  participants  in  the  studies  vt  conduct. 

a.  YOU*  PADTCIPATIO*  IS  EDTIXELY  VOLUNTARY. 

b.  YOU  MAY  VITMDRAV  FROM  PARTICIPATION  IN  THIS  STUDY  OH  ANY  PORTION  OF 
THE  STUDY  AT  ARY  TIME 

Furtheraore,  withdrawal  froa  the  test  will  not  prejudice  any  condition  of 
eaployaent  or  result  in  any  adverse  personnel  action.  Also,  non-participation  or 
withdrawal  will  not  affect  your  ability  to  receive  e are  at  the  Johns  Hopkins  aedical 
institutions  and  will  in  no  way  affect  the  quality  of  care  you  aight  receive. 

c.  AFTER  YOU  READ  THE  EXPLANATION,  PLEASE  ASK  AUY  QUESTIONS  THAT  KILL 
PERMIT  YOU  TO  FURTHER  CLARIFY  EITHER  THE  NATURE  OF  THE  STUDY  OR  SEGMENTS 
WHICH  ARE  NOT  CLEAR. 

Your  participation  will  be  limited  to  one  exercise  involving  approximately  on* 
to  two  hours  of  your  time  whereby  you  will  be  monitored  for  carbon  monoxide  exposure. 

NATURE  OF  THE  STUDY:  This  study  is  being  conducted  to  monitor  the  exposure  of  crowean 
to  carbon  monoxide  under  a  variety  of  test/operational  conditions.  If  you  agree  to 
participate,  wo  will  monitor  your  exposure  to  carbon  monoxide  during  live  fire  exercises 
where  tho  production  of  carbon  monoxide  is  considered  representative  of  expoctod 
operational  situations.  Your  exposure  to  carbon  monoxide  will  be  monitored  as  follows: 
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«.  Sampling  fftr  carbe p  monoxide  io  the  air  you  breathe. 

b.  Measuring  carbon  monoxide  in  the  ftir  you  exhale  into  •  plastic  bag. 

e.  Measuring  tho  ltval  of  earboxyhemoglobin  in  your  blood  both  before  and  aftar 
tho  last.  Th.t  will  rtquira  drawing  two  samples  of  blood  totaling  about  20  milliliters 
(•bout  4  teaspoons). 

I 

In  addition  to  measuring  tha  lavals  of  carbon  monoxide  in  your  blood  and  braath  j 
you  will  ba  asked  to  have  a  physical  examination  prior  to  tha  test  exposure  and  a  1 
lung  function  test  will  ba  dona.  Also,  just  prior  to  tha  test  you  will  ba  asked  to  complete  j 
a  questionnaire  containing  questions  about  smoxing,  previous  lung  problems  and  j 
consumption  of  alcohol  (all  of  which  are  thought  to  affect  tha  levels  of  carbon  monoxide  < 
in  the  bloodh  Of  course,  if  ynu  feel  a  question  is  too  personal  or  sensitive  you  have  j 
the  right  to  refuse  to  answer.  However,  all  information  collected  on  these  questionnaires  \ 

will  be  held  in  strictest  confidence.  ] 

i 

Also,  while  you  are  in  the  test  vehicle  you  will  have  a  microphone  attached  to  | 
your  throat  to  measure  your  breathing  rata  and  you  vill  have  pads  placed  on  your 
chest  to  monitor  your  heart  rate. 

BENEFITS:  Although  there  is  no  direct  benefit  to  you  personally,  the  information  obtained  | 
from  the  study  will  enable  the  Army  to  validate  the  standards  now  used  for  exposure  i 
to  carbon  monoxide  and  may  help  enhance  crew  safety.  ] 

RISKS,  IICOIVEIIEICES  ABO  DISCOMFORTS:  There  is  a  risk  involved  with  exposure  l« 
carbon  monoxide.  However,  the  risk  for  participants  in  this  study  are  minimal  because  j 
all  the  vehicles  being  used  have  already  been  safety  certified  Some  participants  will  ! 
feel  discomfort  when  stuck  by  a  needle  to  draw  blood  and  may  have  a  small  bruise  j 
at  the  puncture  ute.  j 

NUMBERS  OF  PARTICIPANTS  IB  THE  STUDY:  3» 

COBFIDEBTIAL1TY  OF  RECORDS:  Results  of  this  test  will  be  part  of  published  reports, 
rarticipants  will  not  be  personally  identified  in  these  reports.  You  will  be  informed  j 
of  the  results  of  this  test  and  their  significance.  All  personal  information  collected  ; 
will  be  confidential  and  will  respect  your  privacy. 

COMPEKSATIOB  ABD  MEDICAL  TREATMEBT  FOR  INJURIES/ILLNESS:  In  accordance  with  AR  I 
70-ZS,  vou  are  authorised  all  medical  care  for  injuries  or  diseases  which  are  the  proximate 
result  of  your  participation  in  this  study.  For  information  related  to  the  rights  of 
research  subjects,  contact  the  Post  Judge  Advocate  General's  office. 

FOR  FURTHER  liFORMATlOR  RELATED  TO  TESTING  PROCEDURES:  Please  contact  any  of 
the  above  listed  persens  for  additional  information. 


Cp— M  For* 


The  MtiH  ond  pirpm  •  t  ths  «iptri«ont,  ths  risks  involved  «nd  ihs  possikle 
«nplit«UM8  kdvt  boon  sxpltiitod  to  m  ond  I  sgrw  to  portiotpou  in  this  stody. 


Signs* 


Witness- 
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D.X.  Simpson 
OXin  Research  Center 
Cheshire,  CT 
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hydras in®  product®  ar®  wid®ly  us®d  as  chemical  building  blocks 
oxygan  scavengers,  chemical  explosive  intermediates, 
monopropellants  and  bipropsllants.  Although  these  forms  of 
hydrazine  hava  had  a  long  history  of  safa  and  successful  use, 
hydrazine  has  recently  received  much  attention  due  to  its  toxic 
properties. 

The  latest  toxicological  information  on  hydrazine  and  the 
regulations  governing  its  use  ar®  reviewed.  Hydrazine* s  nature, 
what  to  do  abcut  personnel  exposure,  how  it  can  be  absorbed  into 
th®  body  and  what  effects  exposure  may  create  arc  all  discussed. 
Discussion  will  focus  on  how  employe®  exposure  to  hydrazine  can 
be  minimized  by  simple  and  effective  engineering  controls, 
supplemented  by  mandatory  use  of  protective  equipment  and  proper 
handling  procedurecw  Training  of  employees  to  recognize  the 

A' 

hazards  involved  and  safe  procedures  to  be  used  is  the  most 
important  element  in  minimizing  the  hazard  potential  with  any 


chemical . 
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Hydrazine's;  original  use  van  as  a  rocket  fusl  in  tha  KE-163 
Gasman  fightar  plana  during  World  War  IX.  Today,  hydrazine 
propall ants  ineluda  anhydrous  hydraxina  (AH) ,  monomethyl 
hydraxina  (KKH)  and  unsymmetrical  dimethyl  hydraxina  (UDMH)  and 
tha  70%  aquaous  hydraxina  (H-70)  product.  Hydraxina  fuals  hava 
baan  historically  usad  as  bipropallants  with  nitrogan  tetroxide 
and  as  a  monopropellant.  Hydraxina's  usa  as  a  monopropall ant,  is 
by  its  dacoaposition  ovar  a  suitabla  catalyst  to  product*  gaseous 
products  to  provide  attitude  and  in  orbit  control  for  sat elites 
and  spacecraft.  Hydraxina  is  also  produced  and  sold  as  aqueous 
solutions  ($4,  54.4  and  35  weight  percent  solutions)  for 
application  as  a  corrosion  inhibitor/oxygen  scavenger;  and  as  a 
chemical  building  block  for  agricultural  products,  chemical 
foaming  agents  and  explosive  intermediates  along  with  many  other 
uses.  A  number  of  hydras ine  derivatives  including  tha  simple 
perchlorate,  nitrate  and  axida  salts  are  explosives.  Hydraxina 
derived  aminoguanidine  derivatives,  including  5-aminotetrazole, 
guanylazl**,  and  tetracene  are  explosives  with  tetracenc.  used  as 
an  ammunition  primer  component. 

Hydraxina  is  an  important  industrial  chemical  whose  historical, 
present  and  projected  uses  are  based  to  a  large  extent  upon  its 
high  degreo  of  reactivity.  This  same  property,  however,  has  in 
tha  past  given  hydraxina  the  reputation  of  being  an  unstable  and 
hazardous  chemical. 
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Misapprehension  concerning  the  nature  of  hazards  involved  in 
handling  hydrazine  started  before  the  compound  was  isolated,  and 
has  continued  for  years.  Curtius  (1),  who  first  prepared 
hydrazine  in  solution,  expressed  the  conjecture  that  "the  free 
base  ie  so  unstable  that  it  can  not  exist  in  the  free  state." 

The  prediction  of  Curtius  was  later  proved  erroneous  by  Labry  de 
Bruyn  (2),  who  isolated  the  anhydrous  free  base,  and  reported 
that  "it  is  a  very  stable  compound,  and  in  contrast  to  hydrogen 
peroxide,  not  explosive.  It  can  be  heated  above  300°C  without 
being  decomposed."  Despite  this  observation,  and  in  spite  of 
other  experimental  evidence  to  the  contrary,  the  idea  of  inherent 
instability  has  continued  to  persist.  Although  hydrazine 
products  have  a  long  history  of  safe  and  successful  use, 
hydrazine  has  received  much  attention  recently  due  to  its  toxic 
properties.  The  American  Conference  of  Governmental  industrial 
Hygienists  (ACGIH)  and  the  International  Agency  for  Research  on 
Cancer  have  listed  hydrazine  as  a  suspect  carcinogen.  Hydrazine 
products  are  indeed  hazardous  commodities,  but  so  are  a  great 
many  of  the  chemicals  ,  industry  routinely  handles.  If  people 
are  aware  of  the  properties  of  hydrazine  so  they  can  separate 
facts  from  misunderstandings  and  become  knowledgeable  in  the  best 
way  to  handle  hydrazine,  then  it's  safe  use  can  be  assured. 

Hydrazine  Properties 

An  attempt  is  made  here  to  summarize  some  of  the  available 
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information  part inant  to  hydra zina  aafa  handling.  For  this 
purposa  information  daaling  with  anhydrous  hydra zina  and  the 
aqueous  solution  products  will  only  be  covered.  Mora  detailed 
information  is  covered  in  a  number  of  excellent  references  (3-7) . 

Physical .  Anhydrous  hydrazine  (NjH4)  is  a  highly  polar, 
hygroscopic  liquid  that  will  absorb  C02  or  oxygen  from  tha 
atmosphere.  It  melts  at  2.0°C  and  boils  at  113. 5°C 
(760  mm  Hg) *  Since  its  density  as  a  solid  (1.146/-5°c)  is 
higher  than  as  a  liquid  (1.024/2°C),  there  is  no  danger  of 
rupturing  containers  under  freezing  conditions. 

Vapor  pressures  for  anhydrous  hydrazine  are  represented  by 
the  following  empirical  aquation: 

log10P(mm  Hg)  -7.80687  -1680. 745/ (t  +  227.74) 

Above  the  atmospheric  boiling  point,  data  is  less  reliable  due  to 
thermal  decomposition.  Hydrazine  and  water  fcrm  an  azeotropic 
mixture  which  boils  at  120. 3°C  (760  am  Hg)  containing  58.5  mole  % 
.  Freezing  point  (Table  I)  data  on  the  H2H^.H20  system  show 
the  compound  NjH^.HjO  to  be  a  stable  solid  phase  melting  at 
-51.7°C.  Eutectics  exist  at  29^5  mole  %  (-88°C  m.p.)  and  at  56 
mole  %  (— 53.5°C  m.p.) . 

Chemical .  From  a  strictly  chemical  standpoint,  hydrazine  is 
classified  as  a  very  strong  reducing  agent,  and  a  mildly  alkaline 
base.  It  reacts  raadily  and  exothermically  with  most  oxidizing 
agents,  and  mineral  acids  with  the  speed  of  reaction  depending 


950 


upon  concentration,  temperature,  and  catalytic  conditions. 

Examples  of  oxidizing  agents  include  not  only  the  electronegative 
elements  and  highly  oxidised  compounds,  but  also  lower  oxides  of 
some  metals  and  even  certain  metal  ions.  Hydrazine  may  be  liquid 
or  vapor,  concentrated  or  dilute,  free  or  in  combined  from. 
Principal  products  are  usually  N2  and  H20,  but  in  some  cases 
substantial  amounts  of  NH3  are  produced.  Typical  reactions 
include  reduction  of  salts  of  oxides  of  copper,  iron,  silver, 
mercury  and  many  other  similar  metals.  Reaction  MoC>3,  Fe2o3, 
Mn02,  HgO,  CuO,  Pb02,  Cr03,  AgN03  and  Cu  (N03)2  may  be 
particularly  violent  with  anhydrous  hydrazine,  although  less  so 
with  the  aqueous  hydrazine  solutions  (ie)  35%  hydrazine. 

As  with  many  chemicals  certain  precautions  must  be  observed  when 
handling  hydrazine  propellants  and  products.  Acids  such  as 
hydrochloric,  sulfuric,  and  nitric,  and  oxidizers  like 
hypochlorites,  hydrogen  peroxide,  permanganates,  chromates  etc. 
should  be  avoided  in  areas  where  hydrazine  is  handled  or  stored. 
Again,  it  is  important  to  recognize  that  the  intensity  of  the 
reactions  of  hydrazine  with  oxidizers  or  acids  is  dependent  upon 
the  concentration  of  the  reactants.  The  lower  the  hydrazine 
concentration,  the  milder  the  reaction. 

Flammability.  Liquid  anhydrous  hydrazine  is  very  stable  and 
non-explosive.  In  the  absence  of  decomposition  catalysts,  it  has 
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#■  bean  heated  above  SOO°F  with  very  little  decomposition. 

-  l  ' '-  ■■■'■■.  .  • 

j^v  Hydrazine  vapors,  however  do  preeent  e  hazard.  Mixtures  of 
!  hydra tine  vapor  in  sir  are  flammable  between  the  limits  of  4.7% 
and  100%  hydra line  by  volume.  The  flammability  of  hydrazine 
vapor  is  decreased  by  the  use  of  any  of  several  diluents. 

Nitrogen  is  generally  recommended  due  to  ready  availability  and 
cost.  The  lower  explosive  limit  of  a  hydrazine-nitrogen-air 
mixture  is  a  straight  line  function  between  4.7%  for  air  and  36% 
for  nitrogen  at  228°  to  234°F. 

In  contrast  to  most  other  chemicals,  hydrazine  has  no  upper  limit 
to  the  range  of  explosive  concentrations.  Combuction  of  cold 
liquid  hydrazine  is  difficult  to  initiate.  Ignition  occurs  only 
when  the  temperature  has  been  raised  above  roughly  126°F,  the 
fire  and  flash  points  for  hydrazine.  When  burning  freely  in  air, 

hydrazine  behaves  much  like  gasoline.  However,  at  elevated 

I 

|  temperatures  it  burns  fiercely. 

Water  solutions  of  hydrazine  at  any  concentration  below  40% 
cannot  be  ignited.  A  50%  solution  will  burn  only  near  its 
boiling  point,  with  increasing  concentration  the  burning 
temperature  decreases  to  about  126°F  for  the  anhydrous  product 
(see  Figure  l  and  Table  I) .  Water  is  the  best  means  of  combating 
fires,  as  it  has  the  combined  effect  of  cooling  and  diluting  the 
hydrazine  below  its  combustible  limit. 
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Stability.  Anhydrous  hydrasins  and  aqusous  hydraeins  solutions 
undar  normal  conditions  ars  stable  and  inssnsitivs  to  shock  and 
friction.  It  presents  no  explosive  hazard  and  storage  tests  over 
extended  periods  have  shown  negligible  decompositions  of  the 
products.  Decomposition  of  hydrazine  is  caused  by  elevated 
temperatures  and  the  presence  ci'  catalytic  surfaces  or  ion 
impurities . 

At  increased  temperatures,  hydrazine  will  slowly  decompose  to 
yield  nitrogen  and  ammonia.  Studies  at  temperatures  up  to  r>00°F 
have  shown  that  most  of  the  decomposition  takes  place  in  the 
vapor  phase,  and  that  the  rate  of  decomposition  is  a  direct 
function  of  temperature.  No  rapid  decomposition  has  been 
observed,  even  at  500°F,  in  the  absence  of  catalytic  agents. 

Certain  metallic  ions  and  metallic  oxide  surfaces  exhibit  a 
marked  catalytic  effect  upon  the  decomposition  of  hydrazine. 
Laboratory  studies  have  shown  that  chromic,  ferric  and  cupric 
ions  catalyze  decomposition  of  hydrazine  at  reflux  conditions 
under  a  nitrogen  blanket.  At  ambient  conditions  there  is  no 
noticeable  effect  from  dissolved  ions.  A  surface  area  catalytic 
effect  occurs  when  molybdenum,  iron,  Raney  nickel,  rust,  copper 
oxide  or  cobalt  in  finely  divided  form  come  into  contact  with 
hydrazine.  A  film  of  hydrazine  on  iron  rust  will  burst  into 
flames  if  ventilation  is  inadequate  to  keep  it  cool. 
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Ignition  has  also  bsan  observed  with  asbestos,  expanded 
veraiculite,  sawdust,  rags,  paper  and  some  natal  powders  when 
moistened  with  hydras ine  and  exposed  to  the  atmosphere  at  room 
temperature.  The  phenomenon  is  similar  to  the  spontaneous 
ignition  of  drying  oils,  starting  with  slow  oxidation  under 
conditions  that  prevent  the  dissipation  of  the  heat  as  fast  as  it 
is  liberated,  and  preceding  faster  as  the  temperature  rises  until 
the  ignition  temperature  is  reached.  The  effect  of  the  porous 
solid  nay  be  either  catalytic  or  simply  that  of  a  barrier  to 
dissipation  of  heat. 

Bg&Xth  J&muate 

Although  anhydrous  hydrazine  and  aqueous  hydrazine  solutions  have 
a  long  history  of  safe  and  successful  use,  hydrazine  received 
much  attention  recently  due  to  its  toxic  properties.  The 
American  Conference  of  Governmental  Industrial  Hygienists  (ACGXH) 
and  the  International  Agency  for  Research  on  Cancer  have  listed 
hydrazine  as  a  suspect  carcinogen.  Hydrazine  solutions  are 
indeed  hazardous  commodities,  but  so  are  a  great  many  of  the 
chemicals  industry  routinely  handles. 

Questions  of  occupational  safety  and  health  are  never  solely  a 
matter  of  the  toxicity  of  &  chemical.  They  should  be  a  matter  of 
selecting  and  adopting  the  proper  handling  methods.  Use  of 
mandatory  protective  equipment  is  prudent  and  appropriate  in  view 
of  the  toxic  and  physical/chemical  properties  of  the 
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chemical.  No  chemical  is  completely  safe  unless  it  is  proparly 
hand lad  and,  it  is  vail  known  that  comparatively  hazardous  ! 

chemicals  can  ba  handlad  safaly.  Training  of  employees  about  tha I 
has \ Las  involvsd  and  safs  procaduras  to  ba  usad  is  tha  most 

i 

important  alasant  in  minimizing  tha  hat art!  potantial. 

j 

Hazardous  exposure  of  parsonnal  to  hydrazina  should  only  occur 
through  accidents,  sinca  tha  pracautions  astablishad  for  propar 
handling  and  storaga  would  protact  vorkars  undar  normal 
non-accidental  conditions.  Tha  two  typas  of  axposura  ara: 

1)  acuta,  short-term,  high-dosage  axposura  rasulting  from  a 
massive  spill,  truck  accidant  or  tank  rupturs  and  2)  chronic, 
long-term,  lov-dosaga  axposura.  Hydrazina  if  diractly  contactad  | 
can  causa  bums  to  tha  skin,  ayas  and  is  highly  irritating  to  tha ■ 
mucous  mambranas.  Tha  products  Material  Safety  Data  sheet  and  I 

label  as  required  by  tha  OSHA  Hazard  Communications  standard 
should  ba  consulted  for  tha  most  up-to-date  and  complete 
information  on  health  hazards. 

i 

i 

i 

Evan  though  hydrazina  can  ba  absorbed  into  tha  body  in  toxic 
amounts  by  either  acuta  or  chronic  axposura,  employee  axposura  to  i 
hydrazina  can  ba  minimized  by  simple  and  affective  engineering 
controls,  supplemented  by  mandatory  use  of  protective  equipment 
and  proper  handling  procaduras.  What  can  ba  dona  to  prevent 
axposura  to  hydrazina?  Most  obviously  don't  drink  itl  Wearing 
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of  protective  clothing  is  soot  important  to  prevent  skin  contact, 
Table  XX  illuetretee  preferred  clothing  items .  xt  should  be 
noted  that  leather  ehoee  are  unsuitable  since  leather  is  not 
resistant  to  hydra tins  thereby  presenting  an  exposure  concern. 
Hydra tine  cannot  be  removed  from  leather  thus  contaminated  shoes 
would  have  to  be  discarded.  For  different  activities,  lees 
equipment  is  needed  since  exposure  may  be  different  when  working 
in  a  storage  area  ae  opposed  to  the  processing  area.  Finally,  it 
is  extremely  important  that  the  workplace  be  well  ventilated  to 
be  certain  ambient  hydrasine  concentrations  in  air  will  be  at  or 
below  acceptable  levels.  Xf  adequate  ventilation  cannot  be 
provided,  then  further  means  must  be  adopted  to  provide 
protection  against  inhalation,  such  as  using  a  closed  handling 
system. 

gxpoiurs  Limits 

Currently  there  are  several  hydrasine  exposure  limits  in  use,  of 
which  the  OSHA  limit  of  1  ppm  is  a  required  standard,  others 
such  as  the  NIOSH  (National  Institute  for  Occupational  Safety  and 
Health)  or  ACGXH  (American  Conference  of  Governmental  Industrial 
Hygienists) ,  are  only  guidelines.  The  OSHA  standard  was 
developed  from  ACGXH  1968  values.  Table  III  illustrates  these 
exposure  limits.  The  ACGXH  recommendation  of  0.1  ppm  is  for 
1985*1986  and  is  based  on  toxicology  information  gathered  since 
the  establishment  of  the  OSHA  standard. 
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The  latest  toxicological  information  on  hydras ina  la  contained  in 

V‘* 

tha  recently  issued  Air  Pores  Aerospace  Research  Laboratory 
Report  on  the  "Chronic  Inhalation  Toxicity  of  Hydras ine s 
Oncogenic  Xf foots". *  This  study  examined  the  exposure  by  the 
inhalation  route  and  used  hydras ine  the  free  base,  rather  than 
the  sulfate  salt  of  hydrasine  as  shown  in  Table  XV.8  These 
inhalation  studies  were  performed  in  several  species  -  rats, 
mice,  hamsters  and  dogs  -  to  assess  the  cancer  producing 
potential  of  hydrasine.  The  inhalation  exposures  were  conducted 
on  a  six  hour/day,  five  days/week  schedule  (to  simulate  an 
industrial  type  of  exposure)  for  a  one  year  period  followed  by 
an  observation  period.  Results  of  the  studies  indicated  that 
hydrasine  was  a  weak  tumor igen  capable  of  causing  respiratory 
tumors,  primarily  benign  (non-malignant) ,  at  the  OSHA  Permissible 
Exposure  Limit  (PEL)  of  1  ppm. 

Based  on  these  results,  the  Air  Force  study  concluded  that  the 
OSHA  Permissible  Exposure  Limit  expressed  as  an  8  hour 
time-weighted  average  exposure  of  1.0  ppm  hydrasine  is 
unsatisfactory,  while  the  American  Conference  of  Governmental 
Industrial  Hygienists  (ArsXH)  recommended  Threshold  Limit  Value 
(TLV)  of  0.1  ppm  appears  to  be  a  Iwrrilfr  JIXPEgRTB  lOVtli 

Given  the  results  of  the  USAF  study  and  the  ACGIH  recommendation, 
it  would  appear  that  keeping  levels  of  hydrasine  at  or  below  the 
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ACOIH  recommendation  of  0.1  ppm  for  an  •  hour  day  time-weighted 
average  ovar  a  40  hour  woo Jr.  would  provide  an  adequate  margin  of 
oafoty  for  tha  tuaorigenic  potontlal  of  hydraslno. 

Do toot ion  of  a  hydraslno  odor  (similar  to  that  of  ammonia) 
indleotos  a  vapor  eoneontration  of  3-5  ppm  which  is  wall  in 
oxcsss  of  tha  allowable  exposure  limits.9  Whan  ventilation  or  a 
olosod  handling  system  is  not  feasible  cr  when  disposing  of 
significant  spills,  Inhalation  hasards  should  be  controlled  by 
protecting  personnel  with  a  self-contained  breathing  apparatue. 
Cartridge  respirators  are  not  suitable  for  hydraslno. 

Routine  air  monitoring  ehould  be  an  integral  part  of  any 
hydraslno  user* a  employee  protection  program.  Sensory  detection 
of  hydraslno  odors  at  3-5  ppm  is  not  adequate.9  Thera  are  a 
number  of  commercially  available  air  monitoring  instruments  and 
detection  devices  listed  in  Table  IV.  This  information  is  not 
necessarily  all  inclusive  and  is  not  meant  to  be  a  recommendation 
for  certain  commercial  products  but  an  attempt  to  aid  hydraslno 
users  to  develop  necessary  personnel  protection  programs.  In 
addition,  there  are  NIOSR  and  Air  Force  approved  methods  for 
determination  of  hydraslno  compounds  in  air.  These  procedures 
are  based  on  a  measured  volume  of  air  being  drawn  through  a  tube 
containing  an  acid  impregnated  treated  packing  material  to 
chemically  react  with  the  hydraslno.  The  sorbent  is  treated  to 
desorb  the  hydraslno,  and  the  concentration  of  hydras ine 
determined  color imetrically  with  p-dimethylaminobensaldehyde  or 
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Use  of  proper  protective  equipment,  will  prevent  personnel  contact 
by  any  of  the  three  routes  of  oontaot  t  dermal,  oral  or 
inhalation*  In  addition  to  having  proper  protective  clothing, 
proper  care  and  observance  of  safety  and  cleanliness  should  be 
observed  by  all  workers.  An  isportant  way  to  Minimise  exposure 
to  hydratine  is  by  using  a  closed  handling  system,  whether  in  a 
batch  or  continuous  unloading  arrangement.  Nitrogen  padding  or 
blanketing  should  be  maintained  to  prevent  air  oxidation  of  the 
hydras ine,  and  to  raise  the  lower  explosive  limit  to  3«%  for 
nitrogen-hydra sine  mixtures. 

Handling  Accidents 

From  time  to  time,  accidents  not  involving  personnel  exposure  may 
happen  such  as  spills  or  fires  where  hydrasine  may  be  nearby  and 
emergency  action  is  clearly  necessary.  All  spills  should  be 
immediately  washed  down  with  large  volumes  of  water  to  prevent 
exposure  and  then  neutralised  prior  to  discharge.  Water  in  large 
quantities  is  the  recommended  method  for  fighting  fires  involving 
hydrasine.  A  coarse  spray  is  most  effective,  since  it  gives  an 
immediate  surface  dilution  effect.  In  addition  to  extinguishing 
the  fire,  a  coarse  water  spray  will  cool  adjacent  drums  and  at 
the  same  time  dilute  the  exposed  solution  to  a  less  hasardous 
concentration,  in  terms  of  a  Inhalation  or  fire  hazard.  If 
clothing  is  involved,  douse  with  water  followed  by  immediate 
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r«aov«l  of  any  contaminated  clothing. 

Waste  hydra* ina  from  spills  or  proesss  effluent  prasants  a 
proto las  of  neutralisation  prior  to  discharge.  Diluta  aquaouo 
hydra* ina  solutions  will  rssot  with  ths  dissolvad  oxygon  in 
wotsr  and  will  svantually  oonsuaa  all  of  ths  hydra tins,  producing 
only  nitrogan  and  water.  Use  of  a  diluta  oxidisar  solution  will 
spaad  up  ths  neutralisation  raaotion.  An  aquaous  solution  (5%  or 
lass)  of  sodium  hypochlorita  or  oaleiua  hypochlorite  (praparad 
from  swimming  pool  dry  ohlorinator)  or  diluta  hydrogan  paroxida 
may  ba  usad  as  il lustra tad  in  Tabla  V.  All  nautral isat ions  mat 
ba  carriad  out  using  vary  diluta  solutions  (5%  or  lass) .  To 
insura  nsutrslisation,  ths  disoharga  can  ba  monitorsd  for 
rasidual  hydras ina  using  a  standard  boilsr  vatar  tast  Kit 
utilising  tha  p-dimethylamino  bansaldahyda  reagent.  if  an 
availabla  chi or ina  oxidisar  had  L'  an  usad  than  ona  could  measure 
rasidual  chlorina  to  insura  nautralisation.  Finally  hydra sine- 
should  ba  disposad  of  in  a  mannar  approved  by  appropriata 
Federal,  stats  and  local  regulatory  agancias. 


I 


l 


] 
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fiandmian 

Hydra* ina,  along  with  many  othar  industrial  chemicals,  is 
classified  as  a  hasardous  material.  It  is  reactive,  tha  property 
which  makes  it  an  affective  propellant,  chemical  intermediate  and 
oxygen  scavenger,  but  it  is  toxic.  Therefore,  it  is  necessary  to 
protect  tha  operator  to  avoid  skin  contact,  ingestion  and  to 
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provide  adequate  ventilation.  It  ia  also  necessary  to  store 
hydrazine  properly,  avoid  contact  with  heat.  Like  any  other 
industrial  chemical,  reasonable  precautions  permit  hydrazine  to 
be  stored,  handled  and  dispensed  safely.  The  successful 
preparation  and  use  of  hydrazine  for  boiler  water  treatment  and 
for  the  government's  space  programs  for  almost  30  years  is 
testimony  to  the  fact  that  hydrazine  can  be  handled  safely  on  a 
daily  basis. 
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Since  the  original  hazard  stupes  were  performed  for  NASA,  there  have 
been  significant  changes  both  In  the^SqVId  Rocket  Booster  (SR8)  and  In  the 
Command  Destruct  System.  Specifically?^,  new  case  material,  filament  wound 
graphite,  will  be  utilized  on  certain  launches.  The  Linear  Shaped  Charge 
(LSC)  of  the  destruct  system  has  also  been  changed  from  750  grains/foot  HMX 
with  an  aluminum  liner  to  1000  grains/foot  HMX  with  a  copper  liner.  Because 
of  these  changes,  NASA  requested  the  Naval  Surface  Weapons  Center  (NSWC)  to 
determine  experimentally  the  effects  of  the  Command  Destruct  LSC  on  the  SRB 
case/propellant.  This  paper  will  summarize  the  various  work  element?  and 
their  specific  findings. 

The  LSC  activation  tests  did  not  produce  a  detonation  of  the  propellant 
on  any  of  the  tests.  |he  most  severe  reaction  was  a  rather  mild 

burning  with  no  propellant  yleli??  The  material  response  studies  Indicated 
that  the  formation  of  a  porous  bed  was  highly  unlikely.  The  Shock 
Sensltlvlty/Detonablllty  Studies  Indicated  that  direct  shock  Initiation  of 
detonation  by  the  LSC  Is  Impossible^  f*»rfroM&c^_V>ey  ind  cated  that  a 
Deflagratlon-to-Detonatlon  Transition  (DDT)  would  not  occur.  Based  on  the 
results  of  the  study,  the  conclusion  was  that  activation  cfyte  Command 
Destruct  LSC  would  not  cause  a  detonation  of  the  SRB  propel laWt.  At  most,  a 
rapid  burn  is  expected.  \ 


BACKGROUND 

The  Command  Destruct  System  on  the  Solid  Rocket  Booster  (SRB)  of  the 
Space  Shuttle  utilizes  a  Linear  Shaped  Charge  (LSC)  located  in  a  cable  tray 
running  approximately  75%  of  the  length  of  the  SRB.  Upon  activation,  the  LSC 
is  supposed  to  cut  open  the  SRB  case  to  terminate  thrust  without  producing  a 
major  reaction  in  the  SRB  propellant. 

The  Naval  Surface  Weapons  Center  (NSWC)  performed  and  documented  the 
original  hazard  analysis  for  contingency  aborts  of  the  space  shuttle  using  the 
range  safety  Command  Destruct  System.1**  Since  the  publication  of  these 
studies,  there  have  beer  several,  possibly  significant,  changes  in  the  SRB  and 
In  the  Command  Destruct  System  itself,'  Specifically,  the  SRB  case  material 
was  changed  from  D6AC  steel  to  either  D6AC  steel  or  filament  wound  graphite 
and  the  LSC  from  750  grains/foot  WX  with  an  aluminum  liner  to  1000 
grains/foot  HMX  with  a  copper  liner.  For  reference  purposes,  tbo  Solid  Rocket 
Booster  propellant  is  a  composite  material  designated  TP-H1148,  manufactured 
by  Morton  Thiokol. 
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Because  of  the  changes ,  It  was  felt  thet  an  experimental  determination  of 
the  effects  of  the  Command  Destruct  ISC  on  the  SRB  ces e/propel lent  should  be 
performed.  The  estimated  critical  diameter  for  the  SRB  propellent  Is  on  the 
order  of  severe!  feet.  Testing  with  charges  of  this  size  was  not  within  the 
scope  of  this  effort.  Instead,  Investigations  of  specimens  with  dimensions 
below  the  critical  diameter  were  planned  arid  conducted. 

The  program  had  as  Its  goal  the  determination  of  the  type  and  severity  of 
reaction  caused  by  the  Command  Destruct  Linear  Shaped  Charge  on  the  Solid 
Rocket  Booster  propel iant.  All  of  the  testing,  both  In  the  field  and  in  the 
laboratory,  has  been  directed  to  this  end. 

The  experimental  effort  was  Incorporated  into  a  program  entitled  "Solid 
Rocket  Booster  Hazard  Study— Revised  Phase  I."  This  effort  had  the  following 
work  elements: 

(1)  Linear  Shapad  Charge  Performance  Tests 

(a)  LSC/Propeilant  Slab  Tests 

(b)  LSC/Prope.l ant-filled  Cylinders 

(2)  Material  Response 

(a)  Uniaxial  High  Strain  Rate  Tests 

(b)  Characterization  of  Damaged  Propel' ant 

(c)  Characterization  of  Propellant  SlmuU  t 

(3)  Structural  Response 

(a)  Fragmentation  Evaluation  of  Filament  Wound  Case 

Solid  Rocket  Booster 

(b)  Alrblast  Re-evaluation  (If  required) 

(4)  Detonablllty /Shock  Sensitivity  Studies 

(a)  Large  Scale  6<.>p  Tests 

(b)  Aquarium  Tests 

(c)  Granular  Bed  Tests 

(d)  LSC/Inert  Propellant  Simulant  Tests 

(5)  Final  Report 

Elements  (1)  and  (2)— Linear  Shaped  Charge  Performance  Tests  and  Material 
Response  will  be  discussed  In  this  paper.  Element  4- -Detonablllty /Shock 
Sensitivity  Studies  Is  the  subject  of  a  separate  paper  at  this  symposium. 

Each  of  the  work  elements  will  be  covered  In  detail  In  a  series  of  NSWC 
Technical  Reports  to  be  published  shortly.  These  are  summarized  In  Table  1. 
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TABU  l  REPORT  SUMMARY 


Clement 

Number 

NSW  TR 
Number 

Title 

Author 

1 

85-62* 

Space  Shuttle  Command  Destruct 
System/Solid  Rocket  Booster 
Propellant  Interaction 

Swlsdak  A  Peck ham 

85-346 

Solid  Rocket  Booster  Command 

Destruct  System  Hazard  Study: 
Volume  2,  Propellant  Cylinders 

Peckham 

2 

85-350 

Solid  Rocket  Booster  Command 

Destruct  System  Hazard  Study: 
Volume  4,  Mechanical  Properties 

Bazll 

3 

85-352 

Solid  Rocket  Booster  Command 

Destruct  System  Hazard  study: 
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LINEAR  SHAPED  CHARGE  PERFORMANCE  TESTS 

The  purpose  of  these  tests  was  to  determine  If  the  activation  of  the  ISC 
would  cause  significant  propellant  reaction  (In  this  scale  of  tests).  Two 
series  of  tests  were  conducted:  Series  I,  utilizing  propellant  slabs  weighing 
approximately  90  pounds  and  Series  II  utilizing  propellant  cylinders 
containing  approximately  20  pounds  of  propellant.  The  Series  I  tests  haa 
actual  case  material  (either  steel  or  filament  wound  graphite  )  bonded  to  one 
surface.  The  Series  11  tests  utilized  cylinders  of  both  case  materials. 

At  the  stare  of  this  testing.  It  was  felt  that  If  a  violent  reaction 
occurred  during  the  testing  of  these  sub-critical  diameter  specimens,  then  a 
reaction  of  at  least  comparable  violence  would  be  expected  at  full  scale.  If 
no  reaction,  or  a  mild  reaction  occurred.  It  did  not,  necessarily,  mean  that 
such  a  mild  reaction  would  be  expected  In  the  full  scale  (though  this  later 
was  shown  by  Tasker3  to  be  the  case). 

LSC  Description.  The  LSC  used  on  the  Shuttle  is  Jet  Cord  Model  HC-1000-J. 
This  contains  1000  grains  per  foot,  of  HMX  in  a  copper  llnar,  Figure  1  Is  a 
sketch  of  a  sample  of  the  LSC.  The  spacing  between  the  LSC  and  the  SRB  case 
Is  specified  to  be  between  1.00  and  1.20  inches  for  the  steel  case  and  C.85  to 
1.35  Inches  for  the  filament  wound  case. 
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Shuttle-tip*  l$C  material  m$  used  In  all  tests.  LSC  retainer  brackets 
Mere  used  to  maintain  a  1.1-Inch  spacing  between  the  LSC  and  all  target 
materials. 

Propellant  Slab  Description.  The  Series  I  SRB  case/propellant  specimens 
were  slabs  (sandwiches)  of  case/ llner/propell ant  with  nominal  dimensions  of 
24*  x  7"  x  12"  (L  x  W  x  T).  The  nominal  propellant  weight  was  90  pounds.  The 
propellant  used  for  all  of  these  tests  was  a  composite  material.  TP-H1U8, 
manufactured  by  Morton  Thlokol  Inc.  Two  case  materials  were  utilised:  (1) 
D6AC  steel.  0.48*  thick  and  (2)  filament  wound  graphite.  1.14*  thick.  Both 
case  thicknesses  are  representative  of  what  either  Is  flying  (steel  case),  or 
will  be  flying  (filament  wound  case),  on  the  SRB.  Figure  2  Is  a  sketch  of 
both  types  of  samples.  Figure  3  shows  photographs  of  one  of  the  slabs  prior 
to  firing. 

Propellant  Cylinder  Description.  The  Series  II  specimens  were  cylinders 
of  case/ u ner  material  fl 1 1 ed  with  propel 1 ant .  Tho  cylinder  Internal  diameter 
(propellant  diameter)  was  6.0  Inches  in  each  case.  The  cylindrical  wall 
thickness  was  either  0.48"  of  06AC  steel  or  1.14“  of  filament  wound  graphite. 
Each  cylinder  was  14,0  inches  long  and  contained  approximately  20  pounds  of 
material.  End  closures  were  formed  from  1/4-lnch  aluminum  plates  held 
together  with  threaded-rod.  Figure  4  shows  sketches  of  both  types  of 
cylinders.  Figure  5  shows  photographs  of  one  of  the  cylinders  prior  to 
firing. 

Test  Results— Series  I.  The  LSC  functioned  as  designed  and  clearly  cut 
each  case,  the  LSC  jet  did  not  penetrate  the  full  12-1nch  depth  of  the  slab 
(no  exit  evidence  In  the  high  speed  photography).  No  spalling,  other  than  at 
the  corners,  was  observed  during  any  of  these  tests.  The  jet  penetration  did 
cause  spalling  at  the  rear  face  corners  of  the  samples. 

The  LSC  activation  appeared  to  cause  no  significant,  prompt  propellant 
reaction.  Pieces  of  both  burning  propellant  as  well  as  un-lgnlted  propellant 
were  thrown  several  hundred  feet.  The  bulk  of  the  propellant  slab  appeared  to 
remain  Intact  and  was  thrown  between  30  and  80  feet  to  the  rear,  where  It 
landed  and  burned.  The  location  of  these  Impact  areas  was  consistent  from 
shot  to  shot. 

The  high-speed  photography  showed  the  bulk  of  the  propellant  slab  being 
translated  at  60  to  80  feet  per  second  on  each  shot.  These  velocities  are 
consistent  with  the  location  of  the  Impact  areas. 

Figure  6  Is  a  sample  of  the  case  material  remaining  after  a  Series  I 

test. 


Detailed  pressure-time  data  were  recorded  on  each  test.  Based  On  this 
data  as  well  as  the  evidence  from  high  speed  photography,  there  was  nothing  to 
Indicate  any  propellant  yield  (l.e.,  the  only  airblast  pressure  was  that 
produced  by  the  LSC,  it.self). 


972 


Test  Result*— Series  II.  The  Series  II  tests  were  designed  to  Investigate 
the  effects  of  geometry  end  mild  confinement  on  the  LSC-propellant  Interaction. 
It  was  felt  that  the  change  to  a  cylindrical  geometry,  which  more  closely 
modeled  the  real  world,  might  produce  a  different  reaction  than  that  observed 
on  the  Series  I  tests. 

The  results  were  similar  to  those  obtained  during  the  Series  I  tests. 

The  LSC  activation  produced  burning  In  the  propellant.  It  also  appeared  to 
pressurize  the  cases  which  had  the  effect  of  blowing  off  the  end  plates.  On 
two  of  the  tests,  the  burning  appeared  to  be  of  an  oscillatory  nature;  l.e,, 
the  Intensity  of  t.he  burning  was  varying  with  time.  The  alrblast 
Instrumentation  recorded  nothing  which  could  not  be  attributed  to  the  LSC 
Itself— l.e,,  no  measurable  Increase  In  pressure.  Hence,  no  propellant 
contribution. 

Figure  7  Is  a  sample  of  the  case  material  remaining  after  a  Series  i\ 

test. 


Again,  based  on  all  the  available  evldet.ce,  the  LSC  produced  no  yield 
from  the  propellant. 

MATERIAL  RESPONSE 


The  testing  of  the  live  SRB  propellant  was  perfo-med  at  strain  rates  of 
0.7407,  7.407,  74.07,  and  740.7  Inches/lnch/mlnute  at  77#F.  Two  samples  were 
tested  at  each  strain  rate;  prior  and  subsequent  to  the  testing,  routine 
dimensional  checks  and  sample  weighings  were  also  performed.  The  reason  for 
this  was  to  detect  friability  through  the  loss  of  material  under  test. 

Table  2  gives  the  test  data  generated  by  the  77°f  tests.  A  follow-on 
test  (Table  3)  was  performed  at  -65#F  to  see  whether  the  material  would  he 
friable  below  the  glass  transition  temperature  of  the  propellant.  The  results 
of  the  weighings  showed  no  discernable  change  in  weight  of  the  live 
propellant,  regardless  of  the  test  conditions.  This  Indicates  that  the 
propellant  remained  bonded  and  would  probably  not  form  a  bed  necessary  for  the 
propagation  of  a  DDT  reaction.  Figures  8  and  9  reflect  the  change  in  rupture 
modulus  as  a  function  of  load  rate  and  temperature.  While  the  low  temperature 
(-65°F)  condition  revealed  the  expected  high  rupture  modulus,  the  propellant 
still  did  not  undergo  brittle  failure. 

Mechanical  testing  was  also  performed  on  an  inert  SRB  propellant 
simulant,  designated  H-18  (supplied  by  Thiokol).  The  mechanical 
characteristics  of  this  material  are  given  in  Table  4.  A  comparison  of  the 
live  versus  the  inert  ripture  modulus  is  given  in  Figure  10.  As  can  be  seen, 
the  inert  material  is  softer  and  hence  less  susceptible  to  friability.  This 
corroborates  the  data  generated  by  Thiokol  regarding  the  critical  impact 
velocity  shown  in  Figure  11. 

MORPHOLOGY  STUDIES 

Propellant  fragments  which  were  retrieved  after  the  Series  I  LSC  tests 
were  microscopically  studied  in  order  to  determine  their  morphological 
characteristics. 
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Stereomicroscop leal  analysts  Indicated  that  a  majority  of  tha  propellant 
fragments  did  not  show  any  Indication  of  melted  oxidizer  particles.  However, 
the  oxldlztr  particles  In  most  of  the  fragments  were  fractured  to  a  depth  of 
at  least  three  centimeters.  The  phenomenon  suggests  severe  compression  of  the 
crystalline  ingredients  due  to- a  reaction  which  was  caused  either  by 
Initiation  of  the  LSC,  by  Impact  of  the  fragments  to  the  ground,  or  by  a 
combination  of  both  mechanisms.  There  Is  Insufficient  evidence  to  establish 
the  true  cause. 

SUMMARY 

The  Solid  Rocket  Booster  Hazard  Study  has  been  a  parallel  effort  whose 
goal  was  the  determination  of  the  effect  of  the  Command  Destruct  LSC  on  the 
SRB  propellant. 

Brsed  on  testing  of  propellant /case  slabs  weighing  about  90  pounds  and 
propel lant/case  cylinders  weighing  about  20  pounds,  the  activation  of  the  LSC 
produces  no  undesired  effect.  It  opens  the  case  and  causes  the  propellant  to 
burn.  It  does  not  cause  prompt  detonation. 

The  material  properties  of  the  shuttle  propellant  Indicate  that  it  Is  not 
likely  to  form  a  porous  bed. 

The  question  remained,  however,  that  there  might  be  a  chain  of  events 
which  could  lead  to  a  delayed  detonation.  This  was  addressed  by  Tasker  In  his 
portion  of  the  study,  which  will  be  reported  In  a  subsequent  paper. 

When  Tasker's  results  are  Included,  the  following  conclusions  can  be 
drawn: 

eased  on  the  mechanical  testing  and  the  propellant  slab  tests,  LSC  action 
does  not  appear  to  be  able  to  form  the  necessary  porous  bed.  Moreover,  the 
LSC/propellant  slab  tests  indicated  that  any  Induced  burning  does  not 
accelerate.  The  laboratory  testing  has  shown  that  the  p*t  stimulus  generated 
by  the  LSC  Is  too  low  to  detonate  the  porous  bed.  Since  the  porous  bed  cannot 
detonate,  neither  can  the  solid,  undamaged  propellant  (under  the  same 
stimulus).  Thus  the  chain  Is  broken  in  several  places,  leading  to  the 
following  conclusion: 

The  action  of  the  Command  Destruct  Linear  Shaped  Charge  on 
the  SRB  propellant  Is  highly  unlikely  to  cause  a  propellant 
detonation.  The  most  likely  occurrence  Is  a  mild  pressure 
burst  In  which  the  region  of  damage  adjacent  to  the  LSC  will 
burn  rapidly.  The  bulk  of  the  undamaged  propellant  will,  then, 
burn  slowly. 
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TABLE  2.  MECHANICAL  CHARACTERISTICS  OF  SRB  PROPELLANT 
(77° F  TEST  TEMPERATURE) 


STRAIN  RATE 

RATE 

(IN/IN/MIN) 

STRESS 

MAXIMUM 

(PSD 

ELONGATION 

MAXIMUM 

<%) 

STRESS 

RUPTURE 

(PSD 

ELONGATION 

RUPTURE 

(%) 

RUPTURE 

MODULUS 

(PSD 

.7407 

118.9 

36.0 

103.8 

44.4 

233.8 

114.0 

32.8 

98.9 

42.4 

233.3 

7.407 

149.4 

42.4 

133.S 

48.2 

276.9 

147.4 

38.4 

125.4 

50.5 

248.3 

74.07 

203.9 

45.6 

189.7 

57.0 

332.8 

206.9 

40.8 

180.9 

56.9 

317.9 

740.7 

293.6 

69.1 

286.7 

77.8 

368.5 

294.2 

56.2 

273.5 

71.0 

385.2 

TABLE  3.  MECHANICAL  CHARACTERISTICS  OF  SRB  PROPELLANT 
— 65°F  TEST  TEMPERATURE 

STRAIN  RATE  74.07  IN/IN/MIN 

STRESS 

MAXIMUM 

(PSD 

ELONGATION 

MAXIMUM 

(%) 

STRESS 

RUPTURE 

(PSD 

ELONGATION 

RUPTURE 

(%> 

RUPTURE 

MODULUS 

(PSD 

2085.7 

3.2 

2085.7 

3.2 

65178.1 

TABLE  4.  MECHANICAL  CHARACTERISTICS  OF  H-18  INERT 

STRAIN  RATE 

RATE 

(IN/IN/MIN! 

STRESS 

MAXIMUM 

(PSD 

ELONGATION 

MAXIMUM 

<%> 

STRESS 

RUPTURE 

(PSD 

ELONGATION 

RUPTURE 

(%) 

RUPTURE 

MODULUS 

(PSD 

.7*01 

74.6 

35.9 

62.2 

56.6 

113.9 

70.1 

25.6 

54.8 

50.3 

109.0 

7.407 

104.6 

41.5 

88.2 

56.8 

157.2 

109.0 

42.2 

90.1 

61.7 

145.0 

74.07 

153.3 

47.4 

126.7 

68.6 

184.7 

148.3 

47.2 

120.1 

66.9 

179.5 

740.7 

235.3 

54.3 

212.4 

77.8 

273.0 

225.6 

59.3 

195.2 

84.0 

232.4 

1 

i 


.] 
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STEEL  CASE 


FILAMENT  WOUND  CASE 


FIGURE  7.  POST-SHOT  SERIES  II 


UPTURE  MODULUS  (PSI) 


STRAIN  RATE  (IN/IN/MIN) 


FIGURE  8.  RUPTURE  MODULUS  VS.  STRAIN  RATE  (SHUTTLE  BOOSTER  PROPELLANT) 


FIGURE  6.  RUPTURE  MODULUS  VS.  TEST  TEMPERATURE  (SHUTTLE  BOOSTER  PROPELLANT) 
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FIGURE  1.  DAMAGE  AND  DETONATION  BY  LSC 
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FIGURE  4.  LARGE-SCALE  GAP  TEST  RESULTS. 
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ABSTRACT 


A  series  of  tests  has  keen  performed  In  order  to  estimate  the  likelihood  of  a  violent, 
destructive  event  occurring  when  the  NASA  Space  Shuttle  Solid  Rocket  Booster  (SKB)  abort  system  is 
deployed.  The  system  utilises  a  linear  shaped  charge  to  cut  open  the  rocket  motor  casing  A 
complete  analysis  of  the  physical  processes  that  occur  between  Initiation  of  the  linear jihaped 
charge  and  reaction  of  the  prootnanLjaos-^HmeWe. "  ^rT~studr-wts~beuond  the -store  of  the 
program  and  also  exceeded- tSecurrert  understanding  of  shock  to  detonation  mechanisms  In 
propellants.  However,^  series  of  minimum  requirements  or  criteria  have  been  established  that  are 
necessary  for  a  detonation  to  be  Initiated.  All  the  laboratory  tests  described  here  have  been 
designed  to  obtain  fundamental  sensitivity  data  for  the  SRB  propellant.  These  data  are 
Independent  of  the  site  of  the  propellant  grain.  This  represents  a  new  approach  to  the  analysis 
of  the  possible  hazards  associated  with  the  accidental  Ignition  of  solid  rocket  propellants^ 

X 

INTRODUCTION 

Tiit  Command  Cestruct  System  on  the  Solid  Rocket  Booster  (SRB)  of  the  space  shuttle  utilizes  a 
linear  shapod  charge  (LSC)  located  In  a  cable  tray  which  runs  approximately  75  percent  of  the 
length  of  the  SRB.  Upon  activation,  the  LSC  Is  supposed  to  cut  open  the  SRB  case  to  terminate 
thrust  without  producing  a  major  reaction  In  the  SRB  propellant. 


contingency  aborts  of  the  space  shuttle  using  the  range  safety  Command  Destruct  System1.  Since 
tfe  publication  of  these  studies,  there  have  been  several  changes  In  the  SRB  and  In  the  Command 
Destruct  System  Itself.  Specifically,  the  SRB  case  material  was  changed  from  D6AC  steel,  12.2m 
thick,  to  filament  wound  graphite,  29m  thick,  and  t»e  LSC  from  750  grains/foot  MMX  with  an 
aluminum  liner  to  1000  grains/foot  (213  g/m)  MMX  with  a  copper  liner  jet  cord  model  NC-1000-J. 

The  Solid  Rocket  Booster  propellant  Is  a  composite  material  designated  TP-H1148,  manufactured  by 
Morton  Thlokol,  69. 6X  ammonium  percnlorsta,  16X  aluminum  and  1*X  PBAN  (Polybutadiene  Acrylonitrile 
Tnrpolymer). 

Because  of  these  changes.  It  was  felt  that  an  experimental  determination  of  the  effects  of 
the  command  destruct  LSC  on  the  SRB  case/propel 1 ant  should  be  performed.  The  estimated  critical 
diameter  for  the  SRB  propellant  Is  on  the  order  of  meters.  Testing  with  charges  of  this  size  Is 
not  within  the  scope  of  this  effort.  Instead,  Investigations  of  specimens  with  dimensions  below 
the  critical  diameter  have  been  conducted. 

A  series  of  minimum  requirements,  or  criteria,  were  established  that  are  ne.-rssary  Tor  a 
detonation  to  be  Initiated.  If  these  criteria  are  not  met,  then  detonation  Is  not  possible. 


INITIATION  CRITERIA 

When  the  LSC  of  the  space  shuttle  abort  system  is  fired  and  the  jet  of  copper  penetrates  the 
cese,  the  Inltlel  jet  velocity  Is  circa  2  km/s.  The  jet  subsequently  generates  a  shock  wave  In 
the  solid  propellant  and  will  eventually  shatter  the  propellant  bed  If  detonation  does  not  occur. 

The  first  question  Is  then: 

(1)  Hill  the  LSC-Induced  shock  wave  promptly  detonate  the  solid  propellantT 

This  is  the  only  direct  path  to  detonation.  The  alternative  route  Is  via  a  sequence  of 
steps.  Each  condition  or  step  must  be  satisfied. 


If  detonation  u  not  Induced,  then  the  shattered  propellant  could  0*  Induced  to  bum; 
hence  the  second  criterion  It: 

(2)  Will  the  LSC  c«ut»  the  tMtttrM.  porous  proponent  boa  to  burnt 

Not*  tbot  proHot  LSC  shock  Initiation  of  tho  porous  bod  is  discounted*  the  jst-lnduced 
shock  wavt  proceeds  tho  shattering  of  the  propel  lent,  therefore  the  shock  travels  through 
untfoMged  propellent;  shattering  occurs  behind  tne  shock  wove  In  its  ueke  when  reflections  produce 
tensile  stresses  (See  Figure  1). 

(3)  tf  burning  hes  been  Induced*  Mill  this  burning  eccelerete? 

If  the  burning  ecceleretes,  then  the  next  concern  Is  whether  the  porous  bed  will  undergo 
•  bum1ng~to«deton«t1on  or  deflegr«t1on*to>detonst1on  transition  (DOT). 

(4)  Is  a  deflegretlon-tO'detoratlon  transition  (DOT)  process  possible! 

To  answer  criterion  (4),  we  nust  consider  whether  It  Is  possible  to  oetonate  the  porous 
or  solid  propellant  under  any  conditions.  The  following  questions  oust  then  be  answered: 

(SI  Can  tho  porous  bed  sustain  a  detonation! 

(5)  Can  the  undamaged  propellant  tuttaln  a  detonation! 

(7)  will  the  porous  bed  detonate! 

(8)  Will  the  solid  undamaged  propellant  detonate! 

(9)  Can  tne  detonating,  damaged  propellant  Initiate  detonation  In  the  solid  propellant! 

The  sequences  of  events  or  pathways  towards  posslbla  detonation  are  shown  in  Figure  2. 


CRITICAL  EKCRSY  FLUEWCC 

The  shock  sensitivity  of  the  damaged  and  undamaged  propellant  must  ba  determined  for  the 
various  sequences  of  events  between  deployment  of  the  LSC  and  final  detonation.  To  this  end  the 
“Pzt*  criterion,  first  proposed  by  Welker  and  Was ley, 2  hes  been  Invoked.  The  *pzt"  criterion  Is 
used  to  determine  the  shock  stimulus  necessary  to  Initiate  detonation  In  an  energetic  meterial. 
If  p  Is  the  shock  pressure,  t  the  equivalent  time  iteration  of  the  shock,  Ec  the  critical  energy 
fluence  and  Z  the  shock  Impedance  of  the  materiel  thet  supports  the  shock  then  the  criterion  is 
usually  expressed  thus. 


This  hes  been  extended  beyond  Its  original  purpose  to  provide  the  critical  stimuli  required  for 
deflagration  as  well  es  for  detonation;  other  work  has  shown  that  this  is  a  «al1d  technique.3  The 
Pzt  criterion  Is  used  here  as  an  engineering  guide.  It  Is  an  extremely  useful  tool  for  the 
estimation  of  the  shock  sensitivity  of  an  energetic  material  but  st  ould  be  used  with  caution. 

Tr is  Is  because  in  studies  such  as  the  one  reported  here  the  pressures  and  time  durations  are  not 
known  with  sufficient  accuracy  for  an  exact  pz.  criteria  to  be  established.  To  be  safe  the  shock 
energy  of  any  stimulus  must  be  determined  to  be  slgnlflcently  less  than  the  critical  energy  E- 
required  for  Initiation  of  a.def lagratlon  or  detonation.  To  avoid  ambiguity  the  pzt  resu  Its  are 
quoted  here  In  units  of  kbt*z  usee  and  not  In  terns  of  energy  fluence  per  unit  area. 


THE  HEASWEWEMT  OF  THE  LSC  SHOCK  STIMULUS 


Experiments  we>e  performed  In  which  the  Initial  shock  pressure  generated  by  penetration  of 
the  SM  casing  by  the  linear  shaped  cherge  jet  was  measured.  The  jet  w«*s  allowed  to  penetrate 
either  weter  or  PHHA  (Plexiglas)  targets.  The  shock  wave  velocity  l’.  was  obtained  using  high 
speed  streak  photography.  From  this  velocity  the  shock  wave  pressures  could  be  obtained. 
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From  the  laws  of  conservation  of  momentum  and  mass,  It  can  be  shown  that: 


P  »  p0  up  Us  (1) 


where  p0  Is  the  initial  density  and  UD  the  particle  velocity.  In  the  absence  of  other  data  the 
shock  hugoniot  da'.a  for  FFP  propellant  was  used4  to  obtain  the  particle  velocity. 

The  SRB  propellant  Is  Morton-Thlokol  TP-H1148  with  69.6%  AP  (Ammonium  Perchlorate),  16%  A1 
and  14%  PBAN  (Polybutadiene  Acrylonitrile  Terpolylmer)  and  has  a  theoretical  maximum  density  of 
1.774  kg/m3.  The  shock  hugonlot  data  for  the  two  are  unlikely  to  be  identical  but  are  believed  to 
be  close  enough  to  obtain  order  of  magnitude  estimates. 

Hence  the  expression, 

Us  -  1.327  +  2.43  Up  km/s  (2) 

was  obtained  for  FFP  and  this  was  combined  with  equation  1  to  obtain  pressure.  Corrections  were 
made  to  the  calculated  pressure  for  the  differences  between  the  shock  hugonlots  of  the  propellant 
and  the  PMMA  or  water  using  the  conventional  impedance  mismatch  technique,  see  Table  I. The  shock 
pressure  was  found  to  be  a  maximum  of  p  •  40  kbars  (4GPa).  The  shock  duration  could  not  be 
directly  measured  in  these  experiments;  it  can  only  be  estimated  to  be  less  than  1  us,  l.e. 
t  <  1  us. 

The  pzx  criterion  was  used  as  an  engineering  guide  to  determine  whether  or  not  detonation  was 
possible.  For  p  »  40  kbars,  t  <  1  us,  we  have  p’t  <  1600  kbarz  us.  It  will  be  shown  later  from 
Aouarium  test  data  that  this  stimulus  is  not  sufficient  to  initiate  prompt  detonation;  l.e., 
pzt  >  6300  Is  required  for  even  low  order  burning. 


TABLE  I 

LSC  SHOCK  HAVE  PARAMETERS 


Test 

No. 

Target 

Material 

LSC 

Standoff 

Air 

(In) 

LSC 

Jet 

Fragment 

Velocity 

(m/sec) 

Initial 

Shock 

Velocity 

(m/sec) 

Initial 

Particle 

Velocity 

(m/sec) 

Transmitted 

Pressure 

(kbar) 

1 

Water 

0 

1880 

3290 

1030 

40 

2 

Water 

0 

1802 

3110 

850 

32 

3 

Plexiglas 

0 

- 

3400 

560 

29 

4 

Plexiglas 

1.10 

3065 

3610 

650 

31 
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SHOCK  SENSITIVITY  TO  DEFLAGRATION  OR  DETONATION 


UNDERWATER  SHOCK  SENSITIVITY  MEASUREMENTS;  THE  AQUARIUM  TEST 
• 

To  determine  the  shock  sensitivity  to  deflagration  or  detonation  the  NSWC  Aquarium  test  was 
used,  Llddlard.  In  this  test,  cylindrical  samples  of  the  propellant  are  susoended  In  water  and 
subjected  to  precisely  controlled  shock  waves  of  known  pressure  and  time  duration.  The  samples 
were  protected  with  a  thin  coating  of  silicone  water  repellant.  The  response  of  these  samples  is 
monitored  by  high  speed  framing  cameras  operating  at  speeds  of  circa  10"  frames  per  second.  An 
exhaustive  study  was  not  undertaken;  further  work  would  be  required  to  extend  the  study  to  the 
effects  at  very  high  pressure.  However,  the  results  obtained  are  sufficient  for  the  analysis  of 
the  Initiation  criteria  described  above. 


RESULTS 

The  pressures  transmitted  to  the  propellant  have  been  estimated  by  use  of  the  Impedance 
mismatch  technique  based  on  hugoniot  data  for  FFP  oropellant.  Time  durations  were  estimated  from 
computer  code  modelling  of  the  test. 


TABLE  II 


p 

T 

(kbars) 

(us) 

(kbarz  -  us) 

Response 

7.0 

30 

1470 

Very  slight  damage;  no 
burning,  no  deflagration 
or  detonation. 

14.5 

30 

6300 

Slight  burning;  no 
deflagration  or 
detonation. 

CONCLUSIONS 

From  these  results,  we  can  assess  that,  for  any  size  charge,  no  deflagration  (let  alone 
detonation  can  be  Induced  for  stimuli  of  less  than  6300  (kbar)z  usee.  Clearly  criterion  (1) 
cannot  be  satisfied.  The  initiation  of  prompt  detonation  by  the  LSC  is  impossible. 


SHOCK  SENSITIVITY  AND  CRITICALITY  DATA  FOR  THE  DAMAGED  PROPELLANT 


BACKGROUND 


In  order  to  answer  the  questions  of  criteri..  (4)  and  (5),  we  must  establish  whether  the 
porous  propellant  can  detonate  and,  if  so,  what  limitations  are  there  on  the  detonation  process. 

It  has  long  been  known  that  porous  propellants  containing  Ammonium  Perchlorate  (AP)  and 
Aluminum  can  detonate.  Price.6  However,  solid  propellants  (of  zero  or  low  porosity)  do  not 
readily  sustain  detonation,  although  pseudo-stable  detonations  can  be  Induced  (see  below). 
Experiments  were  therefore  designed  to  determine  how  high  the  porosity  must  be  (or  how  low  the 
density)  for  a  stable  detonation  to  be  sustained. 


EXPERIMENTS 

A  modified  NSWC  Large  Scale  Gap  Test  (LSGT)  was  employed,  Llddlard.7  In  this  modified  test, 
a  steel  tube  of  47.6  mm  u.D.,  36.4  inn  I.D.,  and  139.7  mm  In  length  was  filled  with  propellant  of 
known  porosity.  The  porosity  was  controlled  by  cutting  the  propellant  Into  chips  of 
11/2x1  1/2  mm  cross  section  and  3  mm  length.  The  steel  tube  was  loaded  In  small  Increments 
with  pre-weighed  quantities  of  these  chips.  The  chips  were  pressed  to  a  pre-determlned  height  to 
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obtain  the  desired  density  or  porosity.  Plexiglas  caps  were  employed  to  keep  the  compressed 
materials  In  the  tube;  the  cap. adjacent  to  the  donor  was  1  mm  thick  and  the  other  cap  6  mm 
thick.  Ionization  gauges  were  inserted  into  the  propellant  through  holes  In  the  wall  of  the 
tube.  These  gauges  allow  the  progress  of  a  detonation  wave  In  the  propellant  to  be  monitored  and 
Its  velocity  obtained.  The  propellant  was  shocked  by  a  standard  donor  explosive  charge  of 
pentollte  (50.8  mm  diameter,  50.8  mm  length)  placed  on  top  of  the  tube.  (No  attenuator,  or  gap, 
other  than  the  1  mm  cap  was  used,  so  that  the  propellant  would  always  detonate  If  detonation  were 
possible.)  A  steel  witness  plate  was  placed  at  the  other  end  of  the  tube  to  provide  additional 
evidence  that  a  detonation  did  or  did  not  occur.  Should  detonation  occur,  a  hole  Is  punched 
completely  through  the  witness  plate.  The  porosity  of  the  propellant  was  varied,  from  experiment 
to  experiment  to  determine  the  maximum  density  that  would  support  a  stable  detonation  in  the 
diameter  of  the  test.  The  size  of  the  chips  was  held  constant. 


RESULTS 


The  results  are  shown  in  Figure  3.  It  Is  clear  that  a  stable  detonation  can  be  Induced  in 
the  propellant  for  densities  up  to  at  least  85%  TMD  theoretical  maximum  density  (TMD)  or  1510 
kg/m3  (fulfilling  criteria  5  ana  7).  There  Is  an  apparent  increase  of  detonation  velocity  with 
loading  density;  within  the  scatter  of  the  experiment,  the  slope  ii>  not  significantly 
distinguishable  from  zero  at  the  95%  confidence  level.  For  all  densities  up  to  and  Including  90% 
TMD  a  clear  hole  was  punched  in  the  witness  plates  (which  Is  indicative  of  detonation).  However, 
the  Ionization  gauges  records  showed  wave  Instabilities  above  85%  TMD,  so  that  the  wave  would 
probably  fall  In  a  longer  run  length.  Also  shown  Is  the  measured  detonation  velocity  of  the  100% 
TMD,  100  mm  test  reported  below. 

From  these  results,  a  pressing  density  of  85%  TMD  was  selected.  This  density  prc.vides  the 
largest  slmulus  when  the  porous  bed  Is  detonated  and  therefore  is  the  most  likely  to  initiate  the 
solid  undamaged  propellant  beyond  the  LSC  damage  zone. 

At  85%  TMD,  the  measured  shock  velocity  (from  the  ionization  gauge  records)  was  D  »  4.40 
km/s.  Hence  using  the  y-law  equation  of  state  for  the  detonation  products 

P0°2 

P  ■  73  kbars.  (3) 

This  Is  the  maximum  pressure  to  which  the  solid  undamaged  propellant  Is  subjected.  This  is  also 
the  pressure  stimulus  to  which  the  damaged  propellant  is  subjected  and  must  therefore  be 
sufficient  to  initiate  and  sustain  detonation  in  the  85%  TMD  bed  (see  below). 


SHOCK  SENSITIVITY  OF  DAMAGED  PROPELLANT 


It  is  well  known  that  the  sensitivity  of  propellants  or  explosives,  to  the  initiation  of 
burning,  deflagration  or  detonation,  is  greatly  enhanced  by  the  presence  of  voids,  flaws,  defects, 
or  dislocations  within  the  matrix.  A  perfect,  flawless  energetic  materials,  should  it  exist, 
would  be  extremely  difficult  to  Initiate.  For  this  reason  the  porous  propellant  (85%  TMD)  Is 
significantly  more  sensitive  than  the  propellant  In  the  undamaged  st*te.  Clearly  the  sensitivity 
of  this  porous  propellant  can  be  treated  as  a  worst  case.  If  it  can  be  demonstrated  that  the 
porous  bed  will  not  detonate,  then  the  undamaged  propellant  cannot. 


EXPERIMENT 


The  large  scale  gap  test,  described  above,  was  used  to  measure  the  shock  sensitivity  of  the 
85%  TMD  propellant.  This  time  a  PMMA  (Plexiglas)  attenuator  was  used  to  vary  the  Input 
pressure.  By  varying  the  thickness  of  the  attenuator  and  critical  pressure  for  the  Initiation  of 
detonation  could  be  determined. 


RESULTS 

The  results  are  shown  In  Figure  4.  The  shock  initiation  pressure  for  stable  detonation  is  73 
kbars.  The  time  duration  Is  estimated  to  be  1  us  from  other  work. 
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The  critical  energy  crlterlor  can  be  used  to  estimate  the  shock  stimulus  necessary  to 
Initiated  detonation.  From  the  above  results  the  necessary  stimulus  Is 

p2t  »  (732x  1)  kbar2  us  -  5330  kbar2-  us. 


The  results  of  the  previous  section  showed  that  the  detonating  85%  TMD  porous  bed  generated  the 
same  pressure  of  73  kbars.  These  results  are  perhaps  fortuitous,  but  the  Implication  Is  clear. 

At  85X  TMD,  the  detonation  is  just  stable.  The  detonation  wave  generates  just  enough  stimulus  to 
Initiate  the  unreacted  propellant  ahead  of  it  and,  therefore,  sustain  detonation  (criterion  5). 
These  results  and  conclusions  apply  to  the  propellant  alone;  they  are  not  dependent,  on  charge 
size. 


MODEL  FILAMENT  WOUND  CASE  EXPERIMENT 


BACKGROUND 


*  In  the  possible  sequence  of  events.  It  must  be  shown  that  the  porous  detonating  propellant 
can  initiate  detonation  of  the  solid  propellant  (criterion  9).  If  the  p2x  criterion  Is  Invoked, 
then  It  must  be  shown  that  the  stimulus  generated  by  the  detonating  porous  propellant  Is 
sufficient  to  cause  the  solid  propellant  to  detonate.  The  stimulus  generated  by  the  detonating 
85%  TMD  propellant  is: 


2 

P  T 


(73  kbar)2x  *  5330  i  kbar2  us. 


The  required  stimulus  to  initiate  merely  burning  In  the  undamaged  propellant,  is  6300  kbar2  us  as 
determined  by  the  aquarium  test.  Clearly,  If  t  is  1.2  us  or  greater,  then  the  oorous  propellant 
could  Initiate  reaction  of  the  solid  propellant.  In  the  diameter  of  the  SRB,  t  is  likely  to  be 
very  much  greater  than  1.2  us.  The  conclusion  is,  therefore,  that  the  porous  bed  will  communicate 
deflagration  and  perhaps  detonation  to  the  undamaged  bed  (criterion  9).  To  test  this  hypothesis 
the  following  experiment  was  performed. 


EXPERIMENT 


The  experiment  is  designed  on  the  principle  that  the  phj>sics  of  detonation  Is  Independent  of 
charge  diameter.  The  only  effect  that  conveys  a  size  dependence  is  the  time  of  arrival  of  lateral 
rarefactions  that  propagate  from  the  case/air  Interface  of  the  side  wall*'-  of  a  cylindrical 
charge.  These  rarefactions  limit  the  time  duration  of  the  detonation  shock  stimulus,  t.  If  t  is 
too  short  the  pzx  stimulus  cannot  initiate  detonation,  x  is  directTy  proportional  to  charge 
diameter. 

The  experiment  is  shown  In  Figure  5.  A  bed  of  85%  TMD  porous  propellant  is  detonated  by  a 
plane  wave  booster  assembly  via  a  PMMA  attenuator. 

A  plane  wave  booster  generates  a  shock  that  Is  indistinguishable  from  that  of  a  charge  of 
Infinite  diameter.  This  shock  is  known  to  detonate  the  porous  bed,  based  on  the  LSGT  sensitivity 
results  above.  The  resultant  detonation  wave  was  transmitted  to  the  solid  propellant  under 
test.  The  length-to-dlameter  ratio  rf  the  solid  was  unity  so  that  rarefactions  could  have  minimal 
effect  and  thus  the  response  was  independent  of  charge  size.  Ionization  gauges  monitored  the 
progress  of  the  wave  in  the  solid  and  a  plexiglas  (first  test)  or  steel  (subsequent  test), 
detected  the  witness  plate  resultant  effect.  The  PMMA  was  used  to  facilitate  assembly  but  could 
not  be  regarded  as  a  reliable  "witness"  of  detonation.  Improved  methods  of  assembly  allowed  the 
steel  witness  to  be  used. 


RESULTS 


Four  tests  were  fired.  In  the  first  test 
by  the  witness  plate  and  tube  destruction,  but 


the  propellant  appeared  to  detonate,  as  evidenced 
ionization  records  were  lost. 
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The  Ionization  gauge  records  for  the  second  test  are  shown  In  Figure  6,  A  stable  wave 
propagation  was  established,  and  the  linearity  of  the  trace  is  excellent.  The  witness  plate  was 
punched  so  that  there  Is  strong  evidence  that  the  solid  propellant  detonated  (criterion  7). 

Subsequent  shots  were  fired  In  which  steel  witness  plates  were  used  to  verify  the  findings. 
The  test  conditions  were. identical  to  those  of  the  previous  shots.  The  porous  propellant 
detonated,  but  did  not  Initiated  detonation  of  the  solid.  The  Ionization  gauge  records  were 
ambiguous,  so  that  their  Interpretation  was  meaningless;  l.e.,  the  switching  times  did  not  V'e  on 
a  straight  line.  These  records  are  typical  of  jetting  between  the  FWC  case  and  the  propellant,  a 
phenomenon  which  occurs  when  the  shock  wave  velocity  In  the  case  exceeds  that  of  the  propellant. 
This  can  only  occur  If  the  propellant  does  not  detonate.  Moreover,  the  steel  witness  plates  were 
bowed  but  not  punched.  A  steel  containment  vessel,  used  to  minimize  damage  to  the  NSWC  firing 
facilities,  was  split  into  two  parts  by  the  combined  effects  of  two  tests.  The  vessel  measured 
20.5"  0.0.  and  15.0"  I.D.;  clearly,  although  the  solid  propellant  did  not  detonate  the  event  was 
highly  destructive.  The  results  are  summarized  In  the  table. 


TABLE  III 

MODEL  FILAMENT  WOUND  CASE,  EXPERIMENTAL  RESULTS 


Test  # 

Witness 

Ionization  Gauge 
Ve’oclty  Data 

Response 

18 

PMMA 

Poor  records 

Deflagration  or  detonation 
witness  destroyed,  significant 
Damage 

19 

Steel 

a  .73  mm/ us 

Detonation,  witness  punched 
through 

20 

Steel 

No  records 

Deflagration  witness  bowed, 
significant  damage 

21 

Steel 

No  records 

Deflagration  witness  bowed, 
significant  damage 

The  fact  that  several  tests  failed  suggests  that  although  detonation  can  be  Induced,  the 
stimulus  produced  by  the  detonatinr  porous  propellant  Is  barely  adequate  to  do  so.  The  hypothesis 
that  the  detonating  porous  propellant  stimulus  could  initiate  detonation  has  therefore  been 
justified;  clearly  a  violent,  disruptive  event  would  occur  In  any  event. 

LSC  ATTACK  OF  MODFL  MOTORS 

In  a  series  of  tests  reported  by  Swlsdak®  at  this  meeting  the  effect  of  the  LSC  on  model 
rocket  motors  containing  TP-H1148  propellant  was  studied.  Further  tests  were  also  performed 
against  motors  containing  r.n  Inert  propellant  simulant,  H-18.9  Based  on  these  tests  some  useful 
observations  can  be  made. 

The  most  Important  observation  Is  that  in  none  of  the  tests  was  anything  more  violent  than  a 
slow  burning  initiated.  The  velocity  of  the  deflagrations  typically  observed  In  a  DDT  process  are 
of  the  order  of  0.1  km/s  -  1  km/s.  It  can  be  Inferred  f.om  the  Swisdak  tests  that  the  burning 
velocities  were  less  than  0.1  km/s  to  account  for  the  effects  observed.  From  *hese  results  it  Is 
deduced  that: 

(1)  The  LSC  will  Induce  a  low  order  burning.  Criterion  (2) 

(2)  There  Is  no  evidence  of  the  burning  rate  accelerating  to 
deflagration  velocities.  Criterion  (3). 

These  results  are  based  on  small  scale  tests,  the  question  regains  as  to  whether  they  are 


represantatlvt  of  larger  charges,  such  as  the  SRB.  Thej  can  be  considered  representative  if  the 
damage  caused  by  the  LSC  is  sufficiently  localized  that  It  does  not  extend  to  thr  peripheries  of 
the  model  test  charge.  An  analysis  of  the  degrees  of  spallation  and  of  jet  penetration  suggests 
that  these  test  results  are  representative  of  what  would  occur  In  larger  charges. 

The  results  obtained  when  the  Inert  propellant  simulant  was  attacked,  by  the  LSC,  support  the 
abuve  conclusions.  The  damage  In  the  Inert  material  was  highly  localized,  the  material  was  broken 
Into  relatively  larne  pieces  and  the  LSC  jet  did  not  exit  tl.e  slab.  However  great  care  must  be 
exercised  here.  The  Inert  material  cannot  fragment  In  exactly  the  same  way  as  the  live  propellant 
for  two  reasons.  Firstly,  the  material  properties  are  not  Identical;  secondly  the  combustion  of 
the  live  propellant,  when  Initiated  by  the  LSC,  must  modify  the  resultant  fragmentation. 


SUMMARY  OF  RESULTS  RELATED  TO  MINIMUM  CRITERIA 

The  LSC  will  not  promptly  detonate  propellant  based  on  shock  sensitivity  measurements  and 
model  motor  tests.  The  LSC  will  cause  the  shattered  propellant  to  burn,  based  on  model  motor 
tests.  The  burning  of  the  propellant  after  LSC  attack  does  not  accelerate  significantly. 
Consequently  the  DDT  process  does  not  occur.  The  porous  bed  can  detonate  based  on  the  shock 
Initiation  studies  and  the  undamaged  propellant  can  sustain  detonation,  at  least  within  one  charge 
diameter  of  wave  propagation.  The  porous  bed  will  not  detonate  due  to  the  LSC  shcck  stimulus  as 
the  energy  fluence  Is  too  low.  Consequently  the  solid  undamaged  propellant  will  not  detonate. 
There  Is  evidence  that  It  thr  porous  propellant  did  detonate  then  the  solid  could  detonate  also. It 
has  been  shown  that  the  direct  shock  Initiation  of  detonation  by  the  LSC  Is  impossible.  There  Is 
also  no  evidence  that  burning  of  the  damaged  propellant  will  accelerate  sc  that  a  deflagration-to- 
detonatlon  DD”  transition  Is  unlikely.  These  two  findings  alone  are  sufficient  to  rule  out  a 
detonation  due  to  deployment  of  the  abort  system. 


CONCLUSIONS  AND  DISCUSSION 

A  complete  detonation  of  the  SRB  Is  unlikely,  even  though  It  has  been  demonstrated  that  both 
the  solid  and  the  porous  propellant  can  detonate.  The  most  likely  occurrence  Is  a  mild  pressure 
burst  In  which  the  region  of  damage,  adjacent  to  the  LSC,  will  burn  rapidly.  The  bulk  of  the 
undamaged  propellant  will  then  burn  slowly. 

The  work  reported  here  respresents  a  new  approach  to  hazards  analysis.  A  series  of  minimum 
criteria  have  oeen  proposed  that  must  be  satisfied  before  a  detonation  Is  possible.  The  data 
obtained  were  not  dependent  on  the  size  of  the  propellant  samples.  Consequently  this  approach  is 
applicable  to  energetic  materials  of  any  critical  diameter,  only  laboratory  scale  tests  need  be 
performed.  Clearly  much  work  must  be  done  to  refine  the  test  methods  used  and  to  obtain  a  method 
for  quantifying  the  statistical  probability  of  a  violent  event  and  Its  magnitude. 
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AN  INVESTIGATION  OP  THE  SYMPATHETIC  EXPLOSION  OP 
LOOSE  LOADED  TNT  IN  LARGE  QUANTITY 

Zhao  Zhuanghua 
Xi’an  Modern  Chemistry 
Research  Institute, Shaanxi, China 


The  sympathetic  explosion  phenomena  of  explosives,  espeoially 
of  loose  loaded  explosives,  are  very  complicated.  The  most  inve¬ 
stigations  of  sympathetic  explosions  in  the  past  were  made  with  a 
smaller  quantity  at  a  higher  density,  S 


We  have  determined  the  sympathetic  explosion  times  and  the 
shock  velocities  in  the  acceptors.  By  the  sympathetic  explosion 
time,  we  mean  the  time  internal  from  tho  time  the  shock,  wave  from 
the  detonation  of  the  donor  charge  roaches  the  surface  of  the 
acceptor  to  the  time  the  acceptor  explodes.  For  the  purpose  of 
measurement,  we  have  developed  a  kind  of  grate  type  probes.  They 
can  send  a  signal  at  the  moment  of  explosion  of  the  acceptor 
chargew. 


■*x 


Two  groups  of  tests  were  conducted.  One  was  in  small  quanti¬ 
ties.  The  explosive  quantities  in  donor  and  acceptor  charges  were 
the  same,  both  in  0.3  or  0.5  kg.  The  other  was  in  largo  quanti¬ 
ties.  Tho  donor  charges  were  0.5  or  4  tons,  and  the  acceptor 
charges  werr'  47  kg  in  every  trial.  All  of  the  charges  were  made  in 
the  shape  of  a  cylinder.  The  ratio  of  diameter  to  length  is  1:1. 
The  grain  size  of  loose  loaded  TNT  we  used  was  not  controlled  and 
screened.  The  bulk  density  of  charges  is  about  0,88  g/cn/ . 

All  of  the  tests  were  conducted  at  a  flat  field.  The  donor  was 
placed  vertically  and  4  acceptors  were  arranged  surrounding  the 
donor  at  different  distanoes  with  one  end  opposite  the  donor.  A 
grate  type  probe  was  set  along  the  axis  of  every  acceptor  in 
order  to  give  a  signal  as  soon  as  the  acceptor  explodes,  and 
another  probe  made  of  cupper  foiles  was  set  at  the  surface  of  the 


*eeeftef  in  or  4m  to  *ivt  a  sicnal  at  the  moment  of  the 

arrival  of  the  shook  wave  from  the  donor*  Those  signals  via  a 
signal  convertor  were  recorded  by  sons  osoillographa  or  a  multi- 
channel  chronometer*  On  tho  other  hand*  in  some  tests,  several 
copper  foil  probes  were  set  in  one  of  the  acceptors  at  different 
distances  from  the  surface  in  order  to  determine  the  shook  wave 
velocity  in  the  acceptor* 

The  sympathetic  explosion  times  ts  that  ve  have  determined 
are  in  the  ordor  of  several  tens  JtS  to  several  hundreds jlS  *  They 
are  much  longor  than  predicted*  Ve  have  found  that  the  sympa¬ 
thetic  explosion  time  quickly  incre.-ises  with  the  increase  of  the 
distance  P.  of  acceptor  from  the  center  of  explosion*  I*  is  as¬ 
sumed  that  when  t\e  distance  of  acceptor  from  tho  center  of  ex¬ 
plosion  is  equal  to  the  radius  of  donor  Ho,  then  ts«0*  The  equa¬ 
tion  used  for  fitting  the  data  obtained  is 

R  -  R*  «  a  exp(-  ) 

where  a  and  b  are  two  empirical  constants,  which  are  different 
with  different  weights  of  donors.  It  is  also  assumed  that  the 
value  of  a  +  Ro  the  critical  distance  R*  of  sympathetic  ex¬ 
plosion  that  weight  of  donor  V,  So  ve  can  make  a  rough  es¬ 
timate  of  critical  distance  of  sympathetic  explosion  v  vfch  only  a 
few  tests,  even  with  one  test.  This  is  convenient  for  explosion 
tests  with  largo  quantities  of  explosives,  '.'.'he  results  obtained 
agree  with  those  obtained  by  other  methods  and  are  shewn  in  fig, 
1  and  table  1.  In  table  1,  the  critical  scaled  distances  X  * 
R*W*^  with  different  weight  of  donor  V  are  also  listed.  It  can 
be  seen  that  the  critical  scaled  distance  of  sympathetic  explo¬ 
sion  with  la"ge  quantity  of  donor  is  larger  than  that  with  small 
quantity  or  donor.  For  engineering  use,  we  propose  the  following 
formula  as  a  rough  estimate  of  the  critical  distance  R*  with  a 
large  quantity  of  TNT 

R*  =  0,7 


The  results  of  the  Measurements  of  tho  shock  wave  velocity 
in  acceptor  charges  are  shown  in  table  2. It  As  found  that  the 
shook  wave  transmitted  In  aooeptor  will  change  into  deflagration 
of  about  Amci/jis  at  the  middle  of  the  aooeptor  charge  if  its 
velocity  is  about  0,9  to  0,9Bn^ds«  But  while  its  velocity  is 
about  0,5mm/* a  or  less,  the  shook  wave  will  decline  gradually. 

By  the  visual  examination  at  the  alto  after  tests,  it  is  ooxw 
firmed  that  in  the  former  case,  the  acceptors  are  really  exploded 
but  in  the  latter  case  are  not. 

The  following  equation  oan  bo  used  as  the  Hugoniot  of  loose 
loaded  TNT  0  ,2  ): 

D-O.J  +  Uu 

where  t>  is  the  shook  velocity  (  mm/d*  )  transmitted  into  aooeptor 
t  and  u  is  tho  parties!  velocity  {  am/pe  )•  The  shook  pressure  P 
transmitted  into  aooeptor  oan  be  estimated  by  tho  relationship 

at  tho  shook  front: 


P  *  ft  D  u 

According  to  the  results  obtained,  we  may  estimate  that  the 
oritical  pressure  of  sympathetic  explosions  of  loose  loaded  TNT 
at  the  bulk  density  about  0,88g/cm3  is  about  1  to  2  kbars. 
Generally,  in  the  shock  wave  initiation  experiments  at  High 
density  and  small  quantity  of  charge,  the  critical  initiation 
pressure  of  -NT  is  above  several  kbars.  It  is  reported  by  Cook 
that  critical  pressure  of  shock  initiation  of  TNT  in  small  quan¬ 
tity  at  density  of  0.85  is  about  4,5  kbarr  (t)  ,  But  the  critical 
pressure  of  shock  initiation  of  large  quantity  loose  loaded  TNT 
must  be  some  lover ,  as  mentioned  above. 

The  confidence  interval  of  any  sympathetic  explosion  experi¬ 
ment  data  is  very  bread  and  the  explosion  experiment  with  large 
quantity  of  explosives  can  not  bo  repeated  a  lot.  Therefore,  the 
related  critical  values  can  only  be  estimated  very  roughly  with 
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Table  i .  Crltloal  Distance  of  Syapathotlo  explosion 


Donor  Weight 


Crltloal  Distance 


w  (ktf? 

R*  (a) 

0.71 

0.27 

0,4 

0.5 

0.36 

0.45 

500 

5.7 

0.72 

4000 

10.4 

0.66 
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Table  2.  Shock  Velocity  in  Acceptor  Charges 
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Technical  Investigation  oF  11  January  1985 
PERSHING  II  Motor  Fire 

James  A.  Knaur 
US  Army  Missile  Command 
Redstone  Arsenal,  Alabama 

ABSTRACT 

"^This  paper  describes  the  result  of  an  accident  invesfcigationtsperformed  by 
a  technical  team  at  the  US  Army  Missile  Command,  Redstone  Arsenal^  Alabama  in 
support  of  the  US  Army  Safety  Command,  Ft.  Rucker,  Alabama.  ^The  accident 
occurred  near  Heilbronn,  Federal  Republic  of  Germany,  on  January  11,  1985.  A 
PERSHINC  II  first  stage  motor  burned  as  a  result  of  efforts  to  remove  it  from 
its  shipping  container  and  place  it  on  an  erector  launcher  (EL). 

Several  possible  causes  ' of  the  motor  ignition  were  considered  during  the 
course  of  the  investigation.  These  were:  crew  error,,  incorrect  procedures, 
sabotage,  failure  of  mechanical  parts,  electrical  short  circuits,  propellant 
defects,  failure  of  other  components  mounted  in  the  motor,  and  electromagnetic 
effects  (radio  frequency  radiation,  lightning,  and  electrostatic  discharge 
(ESP))^_  After  an  intense  three  month  investigation  involving  many  government 
and  private  labbratori¥sr~and~  reAearchoiST-^Al  1  of  these  possible  causes  except 
ESD  were  eliminated  from  further  investigation  efforts  because  they  were  an 
unlikely,  highly  unlikely  or  impossible  cause  of  the  accident.  Elimination  of 
a  cause  was  based  on  the  results  of  witness  s tateraenyuA60) ,  reasonable 
experimental  data,  debris  examinations,  computer— analyses,  and  analytical 
calculations.,^- — - 

<5ESD  was  determined  to  be  the  only  plausible  explanation  for  the 
accidental  motor  burning.  Tests  devised  and  conducted  by  the  Electro-Magnetic 
Effects  (EME)  Team  to -'discover  the  source  of  electrostatic  charges,  the 
migration  of  the  charges  to  a  critical  location,  and  the  effects  of  the 
charges  on  the  propellant  system  have  confirmed  the  postulated  scenario.  A 
series  of  tests  designed  to  demonstrate  and  verify  this  conclusion  has  been 
conducted,  resulting  in  a  more  detailed  understanding  of  the  exact  sequence 
which  resulted  in  the  propellant  ignition. 

When  the  motor  was  lifted  from  the  silicone  foam  rubber  cradle  pads,  it 
was  charged  to  a  high,  positive  potential  (with  respect  to  the  steel  cradle) 
in  the  region  between  130°  to  160°  from  top  dead  center.  The  cradle  pad  was 
charge  negatively  in  that  region.  Lifting  the  motor  away  from  the  cradle 
enhanced  the  energy  and  resulted  in  a  redis tribution  of  the  electric  field 
also  into  the  propellant.  Because  the  boom  extension  put  lateral  force  on  the 
motor,  once  it  was  free  from  the  front  thrust  groove,  the  motor  moved  up  and 
aft  suddenly  contacting  the  end  cross  beam  at  the  end  of  the  container  with 
the  skirt  and  nozzle  and  also  at  the  top  of  the  cradle  edge  with  the  side  of 
the  motor.  This  caused  an  arc  discharge  of  the  dielectric  motor  surface, 
thereby  generating  very  high  transient  electric  fields  within  tho  propellant 
chamber.  This  resulted  in  electric  field  stress  breakdown  of  the 
hydroj-.y terminated  polybutadiene  (HTPB)  binder  within  the  propellant, 
activation  of  the  oxidizer,  and  ignition  of  the  propellant  as  the  oxidizer 
reacted  with  the  fuel  of  the  propellant.  The  stiffness  of  the  propellant 
grain  and  the  case  restricted  gas  expansion  and  created  a  high  temperature 
region  which  supported  further  burning  and  pressure  increase.  After  a 
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relatively  short  period  (approximately  one  second)  the  mechanical  stress  on 
the  grain  from  the  high  pressure  pocket  caused  a  sudden  collapse  of  the  grain. 
But,  the  rapid  decrease  in  pressure  due  to  the  sudden  increase  in  volume  was 
insufficient  to  extinguish  the  fire.  Collapse  of  the  grain  was  such  that  it 
blocked  gas  flow  through  the  nossle,  resulting  in  increased  pressure  buildup 
and  ignition  of  an  increasing  surface  of  propellant.  Soon  the  pressure  was 
above  the  limits  of  the  strength  of  the  case  and  the  aft  end  of  the  propulsion 
section  was  blown  off.  This  violent  rupture  dismembered  the  lifting  fixture 
and  threw  lethal  debris  about  the  accident  site.  A  large  mass  of  propellant 
was  then  expelled  through  the  aft  hole  in  the  opened  cylinder  and  the  reactive 
forces  drove  the  remaining  forward  section,  propellant,  and  container  into  the 
Maschinenf abrik  Ausburg-Nuremburg  (M.A.N.)  crane/ tractor  vehicle.  Flying 
debris  and  flame  were  responsible  for  fatalities  and  injuries  suffered  by 
personnel  assembled  around  the  missile  assembly  site. 

General  Description  of  the  PII  First  Stage  Rocket  Motor 

A  FII  missile  is  assembled  from  five  major  sections.  The  first  stage 
rocket  motor  is  the  largest  and  heaviest  of  the  five  sections.  The  first 
stage  rocket  motor  is  144.74  inches  (3.63  meters)  long,  40  inches  in  diameter 
(1.02m)  and  weighs  9,145  pounds  (4,148  kg).  Most  of  the  weight  is  the  solid 
fuel  rocket  propellant.  The  rocket  motor  case  is  made  of  Kevlar  filament  and 
epoxy  resin.  Two  cylindrical  aluminum  sections  attached  to  the  forward  and 
aft  ends  of  the  rocket  motor  case  provide  f  >ur  hard  points  used  in  lifting  the 
section. 


Figure  1.  PERSHING  II  System  fully  assembled  on  the  erector  launcher. 


Sequence  of  Events  for  the  Accident  Motor 


the  motor  was  manufactured  during  the  summer  of  1984  at  Hercules,  tnc. 
Magna,  UT,  accepted  by  the  US  Government  on  October  29,  1984,  and  shipped  to 
Pueblo  Army  Depot  Activity,  Pueblo,  CO,  the  same  day.  The  aft  skirt  and  other 
items  required  to  complete  assembly  were  installed  at  Pueblo,  and  the  complete 
rocket  motor,  serial  number  P/S  12037,  was  placed  in  a  steel  shipping  and 
storage  container.  It  was  then  shipped  to  Gerrany  in  early  December  1984, 
arriving  at  the  "Ft.  Redleg"  complex  on  December  19.  It  was  stored  outside  in 
its  shipping  container  in  a  holding  area  unti 1  January  9,  1985,  during  a 
period  of  severe  cold  weather,  with  recorded  night  time  temperatures  below  0° 
(-17.8°C). 

On  January  9,  1985,  rocket  motor  P/S  12037  was  moved  in  its  container 
from  the  holding  area  to  a  training  assembly  area  on  the  Ft.  Redleg  complex. 

In  a  typical  assembly  operation,  rocket  motors  in  their  containers  are 
placed  side-by-side  on  the  ground  in  close  proximity  to  the  erector  launcher 
(EL).  Next,  the  upper  halves  of  thn  containers  are  removed,  hoisting  beams 
are  attached  to  the  sections  and  the  sections  are  lifted  out  of  their 
containers  in  sequence  and  lowered  in  place  on  the  EL  for  mating  to  complete 
the  assembly.  Lifting  is  accomplished  with  a  10- ton  hydraulic  crane  mounted 
on  the  M.A.N.  tractor,  which  also  serves  as  the  prime  mover  for  the  EL.  The 
M.A.N.  tractor  is  positioned  between  the  rocket  motors  and  the  EL  during  the 
operation. 

Shortly  before  2  p.m.  on  January  11,  1985,  soldiers  from  a  firing  platoon 
of  "C”  Battery,  3rd  Battalion,  84th  Field  Artillery,  prepared  to  lift  the 
rocket  motor  from  its  container  to  begin  a  missile  assembly  as  part  of  their 
rountine  training.  There  were  10  soldiers  in  proximity  to  the  rocket  motor, 
including  a  Captain  who  supervised  the  operation.  Other  soldiers  were 
standing  on  the  EL  ready  to  receive  the  rocket  motor  for  assembly.  Assigned 
work  was  going  on  elsewhere  in  the  immediate  area  by  soliders  not  involved  in 
the  assembly  operation. 

The  container  holding  rocket  motor  P/S  12037  had  been  placed 
perpendicular  to  the  center  line  of  the  M.A.N.  tractor  with  the  aft  end 
(nozzle  end)  of  the  motor  pointing  away  from  the  tractor.  As  a  normal 
procedure,  another  open  container  holding  a  second  stage  motor  was  beside  the 
container  holding  rocket  motor  P/S  12037.  Hoisting  beams  had  been  attached  to 
both  motors.  All  mechanical  and  electrical  support  equipment  needed  for  the 
operation  were  turned  on  and  were  operating  properly.  The  engine  of  the 
M.A.N.  tractor  was  running  to  provide  power  to  the  crane.  A  30  kW  generator 
mounted  on  the  tractor  (used  to  provide  power  to  the  EL)  was  operating.  Its 
circuit  breaker  was  properly  set  in  the  "Off"  position  and  the  generator  was 
functioning  correctly. 

The  soldiers  followed  established  procedures.  Grounding  connections  were 
in  place.  No  nuclear  materials  were  in  the  area  since  they  are  never  carried 
or  present  during  training  and  field  exercises. 

Although  it  was  not  snowing,  the  ground  was  covered  with  snow  and  the  sky 
was  overcast.  The  air  temperature  was  about  20°F  (-7°C),  but  the  motor 
temperature  was  about  10°F  (-12.2°C). 

At  about  1:53  p.m.,  an  attempt  was  made  to  lift  rocket  motor  P/S  12037 
from  its  container.  A  groove  in  the  forward  attachment  ring  of  the  rocket 
metor  fits  over  a  metal  flange  within  the  shipping  container  to  prevent  fore 
and  aft  movement  of  the  rocket  while  being  transported  in  the  container. 
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Unless  the  rocket  motor  is  level  as  it  is  being  lifted,  binding  can  occur 
between  the  container  flange  and  the  groove  in  the  forward  attachment  ring. 
This  happened  in  the  first  lift  attempt.  Although  the  aft  end  (nostle  end)  of 
the  rocket  motor  lifted  about  5  inches  (0.13  m),  the  forward  end  hung  up, 
preventing  the  rocket  motor  from  being  lifted  clear  of  the  container.  The 
lift  was  halted  and  the  aft  end  of  the  rocket  motor  was  lowered  back  into  the 
container. 

The  crane  boom  position  was  repositioned  (extended)  and  a  second  lift 
began.  The  rocket  motor  hung  up  momentarily,  then  released,  causing  the 
forward  end  to  rise  about  7  inches  (0.178  m).  The  motor  moved  toward  the 
starboard  rear  a  few  inches  and  the  aft  end  bumped  a  steel  cross  member  in  the 
container  as  the  side  bumped  the  cradle.  It  was  at  this  time,  based  on 
witness  statements,  that  the  motor  caught  fire  and  burned. 

Due  to  the  abnormal  burning,  pressure  in  the  motor  case  increased  beyond 
the  strength  of  the  case.  The  case  ruptured  in  less  than  one  second. 

The  aft  dome  of  the  motor  (a  hemispherical  section  of  Kevlar),  the  nozzle 
attached  to  it  with  bolts,  and  the  entire  aft  skirt  to  which  it  is  attached, 
were  expelled  rearward  together  with  numerous  burning  pieces  of  propellant. 
The  aft  dome,  nozzle  and  aft  skirt  were  later  recovered  about  410  feet  (125  m) 
from  the  site  of  the  fire. 

When  the  motor  case  ruptured,  it  caused  the  hoist  beam  to  fail,  dropping 
the  remaining  forward  portion  of  the  motor  into  the  container,  where  it 
continued  to  burn.  At  the  same  time,  the  container  was  driven  forward 
approximately  three  feet  (1  m)  until  it  contacted  the  rear  wheels  of  the 
M.A.N.  tractor. 

A  consequence  of  debris  analyses,  this  sequence  of  events  first  suggested 
the  conclusion  of  the  investigation  that  ignition  was  abnormal  and  occurred 
near  the  outside  surface  of  the  propellant  grain  (the  portion  nearest  to  the 
inside  wr  1 1  of  the  motor  case)  at  a  point  about  94  inches  (2.4  m)  aft  of  the 
forward  end  of  the  rocket  motor,  at  a  location  in  proximity  to  the  rear 
support  cradle  in  the  container.  In  a  normal  ignition  sequence,  the  igniter 
in  the  forward  end  of  the  rocket  motor  flashes  fire  down  a  lengthwise 
cylindrical  cavity  through  the  center  of  the  motor.  The  propellant  then  burns 
from  the  center  outward  toward  the  case  wail.  The  proof  that  this  was  not  a 
normal  ignition  is  that  the  igniter  was  recovered  in  an  unfired  condition. 
The  igniter  had  not  been  actuated. 

Three  soldiers,  all  in  proximity  to  the  motor  when  it  caught  fire,  were 
killed.  Nine  others  also  in  proximity  were  hospitalized.  The  heavy  winter 
clothing  (gloves,  boots,  parkas  with  hoods,  etc.)  worn  by  the  soldiers, 
because  of  the  cold  weather,  reduced  the  number  and  severity  of  burn  injuries. 

The  second  stage  motor  placed  beside  the  first  stage  motor  P/S  12037  was 
exposed  to  the  fire  and  sustained  scorching  and  heat  damage  but  did  not  bum. 
The  M.A.N.  tractor  was  damaged.  The  EL  was  slightly  damaged  by  impact  from 
the  M.A.N.  tractor  which  tilted  into  its  sides. 

Methodology  of  the  Accident  Investigation 
Elimination  of  Possible  Cause 

To  determine  the  cause  of  this  accident,  all  possible  causes  were 
investigated,  by  using  available  records,  witness  statements,  analysis  of 
recovered  debris,  and  additional  tests  and  calculations.  The  investigative 
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technique  used  to  accomplish  this  was  by  a  fault  tree  analysis.  The  purpose 
of  a  fault  tree  analysis  is  to  determine  the  logical  interrelation  of  possible 
causes  (faults)  that  might  have  resulted  in  the  undesiced  event.  The  gotl  of 
this  analysis  was  to  determine  the  parameters  governing  an  undesired  ignition 
of  the  propellant  and  to  list  the  possible  causes  in  the  order  of  the 
probability  of  their  occurrence.  This  approach  quickly  narrowed  the  scope  of 
the  investigation.  The  scope  and  depth  of  this  effort  was  reflected  in  the 
cost-approximately  six  million  dollars. 

Propulsion  experts  with  considerable  experience  in  this  field  assembled  a 
list  of  all  possible  causes  for  the  propulsion  section  malfunction.  Using 
this  list,  they  systematically  constructed  a  fault  tree  for  use  during  the 
accident  investigation.  Supporting  the  fault  tree  resulted  in  documents 
covering  hundreds  of  tests  and  analyses.  Through  these  tests,  analyses,  and 
calculations  certain  possible  causes  were  eliminated  as  unreasonable. 
Chemical  incompa tabi 1 i ty ,  abnormal  motor  manufacture  and  sabotage  were 
scrutinised  but  rejected  as  possible  causes.  Other  areas  found  as  not  having 
a  sufficient  rate  uf  energy  density  in  this  accident  sequence  were  (1)  heat, 
(2)  friction,  (3)  impact,  and  (A)  electrical  or  electromagnetic  sources  — 
other  than  ESD.  Therefore,  only  mechanical  and  electrostatic  effects  remained 
to  be  investigated.  Simulated  mechanical  and  thermal  loads,  as  may  occur  in 
the  course  of  transport,  storage,  and  handling,  were  further  analyzed, 
including  some  additional  tests.  Further  testing  and  analyses  confirmed  that 
the  mechanical  loads  by  themselves  did  not  affect  either  the  safety  or  the 
functioning  of  the  first  stage  rocket  motor.  Under  the  given  circumstances, 
purely  mechanical  causes  were  considered  to  be  improbable  and  eliminated  from 
further  discussion.  Hence,  ESD  was  intensively  investigated. 

The  Root  Cause  of  the  Accident 

Tne  outcome  of  this  investigative  process  resulted  in  pragmatically 
eliminating  all  known  possible  causes  —  except  ESD,  i.e.,  a  discharge  of 
electrostatic  electricity,  possibly  in  connection  with  mechanical  effects  in 
the  propellant  grain.  Proof  of  this  outcome  was  obtained  from  subscale  and 
fullscale  experiments,  mathematical  modeling,  and  analysis  of  the  debris.  The 
following  sequence  of  events  emerged  from  this  process. 

Technical  Sequence  cf  Events  in  the  Motor 

The  sequence  of  events  was  determined  from  debris  analysis  and  laboratory 
experiments,  then  further  refined  by  observations  made  during  demonstration 
testo.  This  sequence  is  depicted  by  the  series  *.f  drawings  shown  in  figure  2. 

As  the  rocket  motor  was  being  lifted  from  the  container,  the  separation 
of  the  Kevlar  rocket  motor  case  from  the  silicone  rubber  pads  resulted  in  the 
creation  of  a  static  electric  charge  by  a  triboelectric  process  (see  figure 
la).  The  charge  was  localized  on  the  motor  surface  in  the  area  above  the  pads 
and  on  the  pads.  In  tests  on  tactical,  full  scale  motors  being  separated  from 
a  shipping  container  cradle  it  has  been  found  that  the  high  charge  density 
areas  (hot  spots)  tended  to  be  localized  to  the  region  between  130°  and  160° 
from  the  top  of  the  motor.  Further,  due  to  the  fit  of  a  specific  motor  into  a 
specific  container,  tnese  hot  spots  tended  to  be  repeatedly  created  in  certain 
areas.  The  density  of  the  electrostatic  charge  has  been  shown  to  increase  as 
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the  temperature  and  humidity  decreased.  The  charge  created  by  triboelectrifi- 
cation  of  the  polyurethane  painted  Kevlar  case  does  not  dissipate  rapidly. 
Tnis  is  especially  true  in  conditions  of  low  temperature  and  low  humidity. 
This  charge  gave  rise  to  considerable  elec  trial  fields  between  the  motor 
surface  and  else  ii  the  propellant  grain.  The  motor  moved  up  and  back, 
bumping  the  steel  cradle,  and  resulted  in  an  external  BSD.  As  a  result,  u 
subsurface  electric  arc  occurred  in  the  aft  lower  portion  of  the  propel  iart 
resulting  in  propellant  ignition  as  indicated  by  figures  2b  and  2c.  Such  an 
internal  arc  can  take  place  without  puncturing  the  motor  case.  Furthermore, 
it  was  demonstrated  by  independent  tests  that  the  electrical  field  strength 
and  the  total  electrostatic  energy  accumulated  in  the  whole  system  are 
sufficient  for  electrical  breakdown  and/or  ignition  of  the  propellant. 

The  epicenter  of  the  event  was  located  between  130°  and  150°  of  rotation, 
and  approximately  94  inches  aft  of  the  forward  surface  of  the  propellant 
grain.  The  flame  otabilised  in  a  gas  pocket  between  the  bond- line  and  the 
grain,  and  the  aft  section  of  the  grain  started  to  implode.  See  figure  2c. 
The  flame  spread  forward  and  aft  at  a  higher  rate  than  the  circumferential 
rate.  The  stiffness  of  the  propellant  grain  and  the  esse  restricted  gas 
expansion  and  created  a  high  temperature  region  which  supported  further 
burning  and  pressure  increase.  The  mechanical  stress  on  the  grain  from  the 
high  pressure  packet  caused  a  sudden,  partial  collapse  of  the  center  bore  of 
the  grain  in  the  region  cf  the  gas  pocket.  But,  the  rapid  decrease  in 
pressure  due  to  the  sudden  increase  in  volume  was  insufficient  to  extinguish 
the  fire.  Collapse  of  the  grain  center  bore  progressed  fore  and  aft,  reaching 
the  aft  end  first,  such  that  it  blocked  gas  flow  through  the  nozale.  This 
resulted  in  an  increased  pressure  buildup  and  ignition  of  an  increasing 
surface  of  propellant.  Soon  the  pressure  was  above  the  limits  of  the  strength 
of  the  case  (see  figures  2d  and  2e)  and  the  aft  end  of  the  propulsion  section 
was  expelled  aft.  At  nearly  the  same  time,  the  expanding  gas  pocket  had 
reached  and  broken  into  the  forward  cavity.  Again,  the  decrease  in  pressure 
was  insufficient  to  extinguish  the  fire.  The  pressure  built  rapidly  within 
the  forward  cavity  since  the  bore  was  completely  collapsed  causing  about  4000 
pounds  (1800  kg)  of  propellant  to  be  expelled  approximately  50  meters  aft  of 
the  incident  site  where  it  burned.  See  figure  2£.  The  reactive  force 
simultaneously  moved  the  head  end  of  the  motor  and  container  forward, 
approxiuately  one  meter,  to  rest  against  the  truck  used  in  the  assembly. 
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Figure  2a-f.  Sequence  of  events  as  PII  first  stage  motor  was  being 
removed  from  its  shipping  container  which  led  to  the  motor  fire  and 
damage.  Figure  2a  shows  a  positively  charged  patch  on  the  outer 
surface  of  the  composite  PII  motor  case  created  by  the  silicone  foam 
rubber  cradle  pads  of  the  container.  An  external  arc  discharge 
resulting  in  the  internal  arc  is  shown  in  2b.  Figures  2c  and  2d  show 
the  progressive  expansion  of  the  localised  high  pressure  area  causing 
case  failure  which  resulted  in  the  collapse  of  the  grain,  shown  in  2e, 
and  the  separation  of  the  noszl e/aft  skirt  section.  Figure  2f  shows 
the  result  of  the  high  pressure  pocket  formed  in  the  "P-groove"  area 
in  the  front  of  the  propellant  grain. 


Propellant  Safety  Assurance  Prior  to  Accident  and  New  Findings 


The  Pershing  II  first  stage  rocket  motor  contains  a  customary  ammonium 
perchlorate  HTPB  propellant  which  -  compared  with  other  similar  propellants  - 
is  less  sensitive  to  external  stimuli.  It  will  not  detonate,  but  can  and  does 
burn  very  rapidly.  This  burning  can  cause  rapid  over-pressurisation  of  the 
motor  case  if  abnormal  burning  occurs  or  the  exit  port  (nozzle)  becomes 
blocked.  This  over-pressurization  results  in  the  bursting  of  the  motor  case 
—  as  occurred  in  this  accident. 


Prior  to  the  Pershing  II  Occident ,  extensive  testing  was  done  to  ensure 
system  safety.  Among  these  tests  were  those  dealing  with  propellant 
sensitivity.  The  propellant  was  characterised  by  the  existing  state-of-the- 
art  tests  and  determined  tu  be  insensitive  to  levels  higher  than  those  in  any 
eapacted  adverse  environment,  including  ESD.  During  the  course  of  the 
accident  investigation,  phenouena  were  discovered  which  have  required  the 
propulsion  community  to  reassess  and  redesign  testing  techniques  for 
propellant.  It  has  been  found  that:  (1)  an  internal  electrical  breakdown  of 
the  propellant,  due  to  a  transient  electromagnetic  field,  can  result  in 
ignition  of  this  propel  lent;  *nd  (2)  it  has  been  shown  that  propellant 
temperature  and  sampla  volume  ere  critical  to  proper  evaluation  of  ite 
response  to  BSD. 

Knowledge  of  the  presence  of  these  phenomena  har  allowed  corrective 
action*  to  be  taken  on  the  present  system  and  aliminata  futura  accidence  of 
this  nature  on  this  and  othar  designs. 

Replication  and  Verifications  Tecta 

To  confirm  that  the  propellant  was  most  probably  ignitad  by  ESD  phenomena 
required  evaluation  bared  on  measurements  of: 

(1)  charges  and  electrical  fields  generated  during  the  lift, 

(2)  where  the  charges  migrate  and  at  what  rata,  and 

(3)  the  response  (sensitivity)  of  the  propellant  to  ESC  phenomena. 

Replication  tests  were  conducted  to  further  investigate  the  ESD  ignition 
scenarios.  These  tests  involved  actual  and  simulated  removal  of  a  live 
tactical  propulsion  section  from  its  container.  This  motor  was  as  nearly 
identical  in  construction  and  history  to  the  incident  motor  as  possible.  The 
tests  were  conducted  at  temperatures  as  near  as  possible  to  those  involved  in 
the  accioent.  The  relative  humidity  was  also  controlled  to  avoid  frost 
accumulation,  which  did  not  exist  at  the  accident  site.  When  the  motor  was 
lifted  from  the  container  in  the  manner  which  resulted  in  the  11  January  1985 
accident,  generation  of  very  high  electrostatic  charge  densities  was 
confirmed.  As  predicted  prior  to  the  test,  the  motor  did  not  ignite  due  to 
the  low  probability  of  exactly  duplicating  all  of  the  necesscry  events  of  the 
accident.  Following  the  duplication  phase  of  the  test  sequence,  multiple 
lifts  were  conducted  to  determine  the  possible  build-up  of  charge  due  to 
multiple  contacts.  In  this  phase,  it  was  repeatedly  shown  that  the  charge 
density  did  not  significantly  increase  with  additional  lifts.  Finally, 
simulated  lifts  were  conducted.  This  phase  of  testing  provided  more  control 
of  the  charging,  charge  distribution,  and  discharging  of  the  motor/cradle  pad 
interface  area.  These  tests  were  also  conducted  at  low  temperatures  and 
relative  humidities.  When  the  motor  pad  was  charged  to  a  50  kV  potential  with 
respect  to  the  contaiuer  structure  snd  then  discharged  vis  an  arc  discharge, 
the  propellant  was  ignited  in  the  subsurface  region  of  the  grain.  This 
demonstrated  the  "sympathetic"  ignition  scenario  wherein  an  external  ESD  arc 
creates  an  electrical  arc  in  the  propellant  near  the  case  bond  interface 
without  penetrating  the  case. 
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Conclusion 


In  reviewing  the  total  data  base  generated  in  tha  investigation,  tha 
critical  evanta  leading  to  tha  accidental  propellant  ignition  ware: 

(1)  Triboalectrif ication  of  tha  insulating  motor  case. 

(2)  Location  of  tha  charge  distribution  of  tha  motor. 

(3)  Contact  between  the  no  ter  and  tha  aft  steal  cradle  at  that  location. 

(A)  An  external  BSD  fro*  tha  no  tor  case  to  tha  container  at  tha  contact 

point  creating  very  high  E-field  stresses  within  tha  propellant. 

(S)  Sufficiently  cold  temperatures  of  toe  system  such  that: 

a.  charge  generation  of  the  motor  case  was  enhanced, 

b.  charge  retention  was  enhaced. 

c.  susceptibility  thresholds  of  the  propellant  to  both  B-field  and 
energy  was  significantly  reduced. 

Hence,  a  duplication  of  the  accident  would  require  more  than  similar 
conditions  of  temperature,  humidity,  and  movement.  It  would  also  require 
exact  timing,  motor  positioning  in  the  cradle  to  produce  charging  at  a  precise 
location,  aud  finally  specific  movements  of  the  motor  to  bring  the  charged 
area  within  discharging  distance  of  the  steel  container.  Tests  have  confirmed 
that  if  this  scenario  occurred,  the  propellant  grains  could  be  ignited  with  an 
unmodified  system.  That  all  of  these  necessary  conditions  would  coincide  at 
one  time  was,  indeed,  a  very  remote  possibility. 
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ABSTRACT 


The  J-5  test  cell  at  Arnold  Engineering  Development  Center  (AEDC)  Is  the  only 
national  facility  for  testing  large  solid-propellant  rocket  motors  at 
simulated  fllght-aHttude  conditions.  However,  the  cell  was  not  sited  to  meet 
the  quantity-distance  criteria  required  for  testing  motors  containing 
propellant  equivalent  to  20,000  lb  of  TNT.  This  motor  and  other  motors 
containing  similar  propellant  amounts  were  being  tested  In  J-5  using 
explosives  safety  waivers  since  no  other  facility  is  available  In  which  to 
test  them.  Safety  personnel  concerned  with  the  serious  potential  hazards  for 
other  unique  test  capabilities  at  AEDC  funded  a  study  to  examine  the 
distribution  of  debris  and  define  the  hazard  at  the  J-5  test  cell  resulting 
from  accidental  detonation  of  rocket  motors  containing  propellant  equivalent 
to  20,000  and  30,000  lb  of  TNT.  While  the  study  was  in  progress,  an  actual 
mishap  occurred  during  a  test  ot  one  of  the  motors  being  examined  In  the 
study.  The  estimated  sequence  of  events  during  the  mishap  and  the 
distribution  of  motor,  test  cell,  end  building  debris  after  the  accident  as 
compared  with  predicted  debris  arcs  are  presented  In  this  paper, 

A 
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1.0  INTRODUCTION 


Southwest  Research  Institute  (Swfti),  e*.  e  subcontractor  to  Lawrence 
Liverwort  National  Laboratory  (UHL),  has  been  consulting  Arnold  Engineering 
Development  Center  (AEOC)  on  potential  debris  distribution  problems  at  the  J-5 
and  proposed  J-6  rocket  test  facilities.  The  J-5  test  facility  at  AEDC,  shown 
In  Figure  1,  is  the  only  large  national  facility  for  testing  solid  propellant 
rocket  motors  at  simulated  flight-altitude  conditions.  However,  some  motors 
currently  In  need  of  altitude  testing  and  future  motors  to  be  tested  exceed 
the  test  capability  of  J-5  In  nominal  thrust  and  In  the  amount  of  propellant 
contained  In  the  motors.  Some  of  these  motors  were  being  tested  In  J-5  with 
explosives  safety  waivers  since  the  location  of  the  facility  does  not  meet 
quantity-distance  criteria  required  by  safety  regulations  for  the  type  and 
amount  of  propellant  involved.  Safety  personnel  became  concerned  with  the 
potential  debris  hazard  which  may  result  from  testing  motors  under  safety 
waivers. 

In  November  1985.  SwRI  was  analyzing  the  distribution  of  debris  which 
would  result  from  an  accidental  detonation  of  propellant  equivalent  to  20,000 
and  30,000  lb  of  TNT  in  the  J-5  test  cell.  On  November  23.  1985,  during  a 
qualification  test  of  a  rocket  motor,  a  mishap  occurred.  At  the  request  of 
LLNL  and  with  permission  from  AEOC,  an  SwRI  team  was  sent  to  Investigate  the 
mishap  site  with  special  emphasis  on  collecting  data  on  the  distribution,  size 
and  nature  of  the  resultant  debris  created  by  the  event.  This  paper 
summarizes  SwRPs  investigation  and  post-mishap  analysis  results.  Debris 
hazard  zones  predicted  for  an  accident  at  J-5  are  compared  to  the  actual 
distribution  of  motor,  test  cell,  and  building  debris  after  the  mishap. 

2.0  ANALYTICAL  DEBRIS  DISTRIBUTION  STUDY 

The  emphasis  of  the  original  analytical  study  of  the  rocket  motor  detona¬ 
tion  was  the  distribution  of  debris  from  the  J-5  enclosure  building,  the  test 
cell  and  the  motor  being  tested,  A  previous  study  (Reference  1)  conducted  by 
SwRI  to  analytically  determine  the  debris  distribution  around  an  accidental 
motor  detonation  Indicated  directional  debris  throw  and  the  existence  of  some 
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relatively  debris-free  zones  around  the  site.  That  study  was  for  a  proposed 
large  altitude  rocket  motor  test  facility  (J-C  facility;  at  AEDC  which  con¬ 
sists  mainly  of  a  large  steel  test  cell  and  a  steel  fra metal  siding  enclo¬ 
sure  building.  Hazardous  debris  densities  were  determined  within  various 
zones  around  the  test  cell.  The  zone  boundaries  were  based  on  the  shape  and 
position  of  the  test  cell  and  on  experimental  work  examining  debris  distribu¬ 
tion  from  explosions  in  aircraft  shelters  (References  2  and  3)  and  in  build¬ 
ings  (Reference  4).  The  horizontal  position  of  the  cylindrical  cell  made  it 
reasonable  to  assume  cell  and  motor  fragments  would  be  dispersed  perpendicular 
to  the  axial  length  of  the  cell  with  a  limited  number  of  fragments  thrown  in 
directions  normal  to  the  endcaps.  The  distribution  of  building  fragments 
would  be  concentrated  directly  out  from  the  walls,  with  relatively  debris-free 
zones  In  directions  about  45  degrees  from  the  normals  to  the  walls.  Although 
the  supporting  data  were  all  for  reinforced  concrete  structures,  a  similar 
distribution  was  expected  for  an  explosion  Inside  a  predominantly  corrugated 
metal  structure. 

Elevations  of  the  J-5  enclosure  building  and  an  expanded  detail  of  the 
test  cell  are  shown  in  Figures  2-4.  Since  the  J-5  test  cell  and  enclosure 
building  are  similar  to  the  configuration  described  in  Reference  1,  debris 
were  expected  to  be  similarly  distributed  In  zones  around  the  enclosure 
building.  The  zones  which  were  established  for  examining  hazardous  debris 
densities  are  shown  in  Figure  5.  Debris  densities  were  estimated  in  zones  1, 
3,  5  and  7  since  the  number  of  debris  landing  in  the  other  zones  was  assumed 
to  be  minimal.  Building  debris  will  be  dispersed  in  directions  normal  to  the 
walls  of  the  enclosure  building.  The  heaviest  concentration  of  motor  casing 
and  test  cell  fragments  was  predicted  In  zone  5  because  It  extends  perpendicu¬ 
lar  to  the  horizontal  axis  of  the  test  cell.  Approximately  70%  of  the  total 
fragments  and  debris  will  land  in  zone  5.  Although  zone  1  extends  in  the 
direction  opposite  of  zone  5,  fewer  casing  and  cell  fragments  will  land  there 
since  a  5  foot  thick  seismic  mass  (see  Figure  2)  supports  the  test  cell  on 
that  side.  The  seismic  mass  will  stop  all  but  high  trajectory  fragments. 

About  20%  of  the  total  debris  will  land  in  zone  1.  The  remaining  10%  of  the 
debris  will  be  distributed  in  zones  3  and  7,  with  slightly  more  debris  landing 
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a)  West  Elevation 


b)  East  Elevation 


Figure  3.  J-5  Facility  Elevations 
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Figure  4.  Detail  of  J-5  Test  Celt 
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In  zone  3.  The  percentage  of  debris  landing  In  zones  2,  4,  6  and  8  Is  Insig¬ 
nificant.  It  should  be  noted  that  while  the  percentage  of  fragments  landing 
In  zones  3  and  7  Is  relatively  low,  the  cell  endcaps  and  hatch  covers  will 
most  likely  Impact  In  these  areas.  Thus,  the  damage  potential  of  these  large 
debris  Is  a  more  Important  consideration  than  hazardous  debris  density  In  the 
Immediate  J-5  area.  In  summary,  the  distribution  of  fragments  and  building 
debris  was  expected  to  be  highly  directional  with  haavy  debris  concentrations 
In  zones  normal  to  the  walls  of  the  enclosure  building.  Debris  paths  and 
concentrations  of  major  debris  observed  during  the  mishap  investigation  lend 
new  support  to  this  theory. 

3.0  MISHAP  SITE  INVESTIGATION 

The  test  being  conducted  prior  to  the  mishap  involved  a  qualification 
test  of  a  large  rocket  motor  containing  Class/DIv.  1.1  propellant.  The 
pressure  Inside  the  motor  measured  about  600  psl  just  before  failure  occurred. 
The  peak  pressure  of  740  psl  was  measured  about  10  seconds  Into  the  test.  It 
was  estimated  chat  approximately  1100  lb  of  the  original  16,000  lb  of  propel¬ 
lant  remained  In  the  motor  when  the  failure  occurred. 

An  AEDC  mishap  investigation  team  was  immediately  set  to  the  task  of 
determining  the  cause  of  the  mishap.  Their  activities  included  review  of 
manufacturing,  shipping  and  test  preparation  records,  a  test  procedures 
review,  review  and  analysis  of  physical  evidence  at  the  site,  and  interviews 
of  mishap  witnesses.  In  addition  to  these  activities,  an  SwRI  team  was 
allowed  to  study  the  site  and  collect  data  related  to  the  distribution  of 
debris  caused  by  the  mishap.  Data  collected  included  the  type,  size,  and 
origin  of  debris,  along  with  the  impact  characteristics  arid  angles  of  debris 
throw.  Although  ail  identifiable  motor  casing  parts  ware  previously  removed 
from  the  site,  SwRI  was  provided  with  a  missile  map  (shown  in  Figure  6) 
showing  locations  of  retrieved  motor  casing  fragments  (numbered  circles)  and 
unburned  propellant  (circles  with  an  "X"  In  them).  SwRI  also  used  post-mishap 
photographs  (Including  aerial  shots)  to  help  summarize  observations  on  debris 
and  other  physical  evidence  or  damage  indicators  noted  during  the  site 
investigation. 
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Figure  6.  Missile  Hep  Showing  Motor 
Casing  Ftagpents  and  Untamed  Propel lan* 


The  hazardous  zones  predicted  for  a  20,000  1b  TNT  equivalent  propellant 
detonation  are  shown  In  Figure  7A.  The  limit  distances  Indicate  the  threshold 
of  hazardous  fragment  density,  defined  as  more  than  one  fragment  with  kinetic 
energy  greater  than  58  ft* lb  per  600  square  feet.  Impact  locations  of  a  few 
of  the  larger  cell  and  building  debris  from  the  mishap  are  shown  In  Figure  7B. 
The  location  of  the  Impacts  furthest  from  the  test  cell  In  each  zone  are 
Indicated  on  the  figure.  Note  that  these  are  locations  of  single  fragments 
and  do  not  correspond  to  the  limit  distances  for  hazardous  fragment  density 
for  the  mishap.  The  hazardous  density  for  the  mishap  was  limited  to  the 
bermed  J-5  area. 

4.0  MISHAP  OEBRIS/DAMAGF  ANALYSIS 

Observations  of  debris  scatter  at  the  mishap  site  revealed  heavy  concen¬ 
trations  of  debris  In  directions  normal  to  the  test  cell  enclosure  building, 
establishing  new  evidence  of  the  zone  concept  discussed  in  the  J-6  debris 
study  (Reference  1).  Figure  8  illustrates  these  observations.  In  addition  to 
providing  general  debris  distribution  information,  the  size  and  position  of 
some  of  the  major  debris  and  the  shape  and  number  of  motor  casing  fragments 
provided  physical  evidence  of  the  type  of  explosion  which  occurred  in  J-5. 
Other  observed  damage  indicators  were  also  used  to  determine  the  nature  of 
this  mishap. 

Observations  of  the  test  cell  breakup  pattern  and  the  large  size  of  test 
cell  pieces  examined  on  the  Initial  trip  around  the  site  Indicated  the  failure 
event  may  not  have  been  a  detonation,  even  though  the  propellant  1,i  the  motor 
being  tested  was  Cla:*s/Div.  1.1  (mass  detonating)  propellant.  Also,  the  small 
amount  of  unburned  propellant  scattered  about  the  site  (see  Figure  6)  and  the 
varied  sizes  and  shapes  of  motor  casing  pieces  collected  earlier  did  not  seem 
to  agree  with  the  initial  premise  that  a  detonation  had  occurred.  The  differ¬ 
ence  between  a  deflagration  and  a  detonation,  as  it  pertains  to  the  J-5 
mishap,  is  that  a  pressure  pulse  for  a  deflagration  would  be  characterized  by 
a  smaller  peak  pressure  and  a  longer  duration  than  the  pressure  history  for  a 
detonation.  However,  the  Impulsive  load  on  the  test  cell  and  on  the  struc¬ 
tural  members  of  the  enclosure  building  could  be  just  as  great.  With  a 
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detonatlnc  motor,  the  casing  would  tend  to  break  Into  a  large  number  of  small 
f regments.  The  casing  pieces  recovered  at  J-5  were  not  characteristic  of  a 
detonating  motor.  Further  analysis  of  the  other  physical  evidence  noted  In 
the  Investigation  lends  credence  to  a  deflagration  occurring  In  the  motor. 

Calculations  were  made  to  define  the  mishap  sequence  of  events  and  to 
confirm  the  amount  of  propellant  Involved  In  the  final  event.  The  approach 
taken  was  to  assume  the  reported  conditions  of  the  motor  just  prior  tc  failure 
were  accurate  and  to  calculate  debris  velocities  and  ranges  and  Impulse 
deflections  based  on  a  detonation  in  the  motor.  Assumed  Initial  conditions  at 
failure  were: 

o  the  1100  lb  of  propellant  In  the  motor  was  equivalent  to  1375  1b  of 
TNT, 

o  the  motor  had  a  diameter  of  92  In.  and  a  length  of  125  In., 

o  the  motor  casing  weighed  approximately  1500  lb, 

o  the  steel  test  cell  had  a  16  ft  diameter,  a  length  of  50  ft,  and  a 

thickness  of  0.5  in. 

Results  of  the  calculations  were  then  compared  with  actual  observations 
(measured  distances,  deflections,  etc.)  to  determine  the  nature  of  the  mishap. 

5.0  CONCLUSIONS  -  SEQUENCE  OF  EVENTS 

SwRI  was  doing  an  analytical  distribution  study  for  the  J-5  test  cell  at 
the  time  of  the  mishap.  Collecting  data  on  the  distribution  of  debris 
following  the  accidental  motor  failure  at  J-5  proved  to  be  very  useful,  as  It 
provided  supporting  data  for  the  debris  zone  theory  as  presented  In  the  J-6 
study  (Reference  1). 

Once  at  the  site,  as  much  data  as  possible  were  gathered  In  the  time 
allotted.  Including  not  just  debris  range  and  scatter  angles,  but  also  any 
other  blast  damage  indicators  or  physical  evidence  of  the  type  of  explosion 
which  had  taken  place  in  J-5.  Based  on  observations,  the  test  cell  appears  to 
have  ripped  open  into  a  few  very  large  fragments.  This  fact  along  with  the 
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smII  Mount  of  unbumod  prop#  11  ant  (10  lb)  scattertd  about  tha  site  and  the 
characteristics  of  th«  racovartd  casing  fragments  Indicate  the  mishap  Involved 
only  a  portion  of  the  1100  1b  of  propellant  present  In  the  motor  at  the  time 
of  failure,  and  a  complete  detonation  of  the  remaining  propellant  did  not 
occur. 

Based  on  the  breakup  of  the  motor  casing  and  distribution  of  casing 
fragments,  SwRI  believes  something  less  than  a  comlete  detonation  occurred 
near  the  nozzle  which  caused  a  dynamic  rupture  of  the  motor  casing  and 
subsequent  release  of  unbumed  propellant  Into  th«  cell.  The  further 
confinement  of  the  propellant  within  the  cell  and  the  Increase  in  propellant 
burn  area  caused  a  greater  pressure  buildup  than  the  diffuser  could  handle, 
resulting  in  the  following  events  which  are  relevant  to  the  distribution  of 
debris: 

o  The  cell  burst  upon  failure. 

o  The  pressure  buildup  caused  the  two  large  hatch  covers  to  be 
projected  at  high  trajectories  away  from  the  cell. 

o  The  cell  endcaps  blew  off. 

o  The  cell  ripped  open  on  the  west  side  when  It  struck  a  stair  railing 
producing  several  large  fragments. 

o  The  east  side  of  the  cell  was  deformed  outward  by  the  Impact  of 

motor  casing  pieces  and  blast  and  was  deformed  Inward  when  it  struck 
a  bracket  on  the  seismic  mass. 

o  Unburned  propellant  was  expelled  from  the  cell. 

o  Blast  loading  inside  the  enclosure  building  blew  out  the  metal  wall 
and  roof  panels. 

All  analysis  of  the  debris  throw  and  observed  damage  Indicators  supports 
this  theory.  One  uf  the  most  Important  lessons  to  learn  from  the  J-5  mishap 
is  the  recognition  of  the  types  of  events  possible  during  a  test  of  a  motor 
containing  Class/DIv.  1.1  propellant  end  the  severity  of  either  a  deflagration 
or  a  detonation.  The  observations  of  debris  distribution  and  blast  damage  can 
be  applied  to  the  siting  of  similar  test  facilities  in  the  future. 
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\  ABSTRACT 

This  report  describes  the  railcar  fire  that  destroyed  the 
Ready  Service  Ring  (HSR)  used  in  the  Mk  26  Missile  Launcher  System. 
Events  leading  to  and  during  the  railcar  fire  are  given  in  a 
technical  manner.  The  incident  was  tried  in  Federal  Court,  but  the 
United  States  settled  out  of  court  for  $1.4  million.  The  initial 
offer  from  the  railhead  was  $2500. 


\  INTRODUCTION 

During  the  night  of  l3\September  1981,  a  fire  involved  a  six-missile 
RSR  section,  associated  hardware,  and  packaging  material  that  were  loaded  on 
a  DODX  39598  flatcar.  The  description  of  the  events  that  led  to  this  train 
fire  is  based  on  various  sources  of  information.  The  "sources"  were  not 
always  in  agreement.  \ 


The  cause  of  the  fire  was  a&^eed^to  by  most  experts  from  both  sides 
(the  United  States  and  the  railroad)^ — ^The  fire  was  caused  by  ignition  of 
the  wood  floor  by  the  hot  metal  sparks  coming  from  overheated  brake  shoes 

and  wheels.  How  the  brake  shoes  and  wheels  became  overheated  was  the 

technical  queSkii^nvin  the  case.  (The  legal  portion  of  the  case  is  not  part 
of  this  report. )^The  two  possible  sources  of  hot  brake  shoes  and  wheels 
were:  £1)  a  hand  brake  that  was  left  on  at  the  last  point  of  departure  for 
this  train;  or  £2)  a  hidden  defect  in  the  air  braking  system  on  this  car. 
The  position  of  the  United  States  was  that  a  hand  brake  had  been  left  on>(^ 
and  the  position  of  the  Louisville  and  Nashville  (L&N)  railroad  (now 

Seaboard)  was  that  of  a  hidden  defect  in  the  car  air-braking  system.  The 

plausibility  of  other  events  causing  the  car  fire  was  considered.  These 
events  were  evaluated  and  removed  from  further  consideration  because  of  the 
fire  pattern  under  the  car,  condition  of  the  heated  brake  shoes  and  wheels, 
train  travel  pattern,  and  time  of  day.  (For  example,  spontaneous  combustion 
and  sabotage  were  considered  as  possible  events  and  eliminated.) 
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A  brief  background  to  the  series  of  events  prior  to  and  during  the  car 
fire  will  be  given,  followed  by  a  limited  discussion  of  the  two  different 
theories  for  the  ignition  of  this  fire,  and  a  story  of  what  may  actually 
have  taken  place  the  night  of  the  car  fire.  The  story  is  based  on 
documents,  statements,  depositions,  and  train  records  and  charts,  etc.,  from 
LAN  railroad.  When  a  conflict  arose,  actual  records  and  charts  were 
considered  first,  then  early  statements,  and  last  depositions. 


EVENTS  LEADING  TO  AND  DURING  THE  RAILCAR  FIRE 

The  Mk  26  Missile  Launcher  System  was  loaded  on  seven  DODX  flatcars  at 
the  Northern  Ordnance  Division  of  FMC  Corp.  in  Fridley,  MN,  for  a  final 
destination  of  Pascagoula,  MS.  The  seven  DODX  flatcars  left  Minneapolis  on 
about  6  September  1931,  and  arrived  at  the  last  departure  point  prior  to  the 
fire  on  13  September.  This  last  departure  point  was  the  Howell  yard, 
Evansville,  IN,  where  these  seven  DODX  flatcars  were  part  of  Train  769 
arriving  from  Woodlawn  IL.  At  the  Howell  yard,  one  DODX  flatcar  was 
separated  from  the  other  six  DODX  flatcars.  This  separation  occurred 
between  a  DODX  flatcar  with  a  high,  wide  load  and  DODX  39*598.  The  DODX 
flatcar  with  the  high,  wide  load  was  to  become  a  part  of  a  different  train 
consist  going  a  different  route  to  the  same  final  destination.  The  end  car 
was  now  DODX  39598.  During  the  make-up  of  Train  717,  the  hand  brake  was  set 
on  this  end  car  to  prevent  car  movement  in  this  part  of  the  consist.  These 
six  DODX  flatcars  became  part  of  Train  717,  which  comprised  149  cars;  DODX 
39598  was  the  97th  car  ahead  of  the  caboose.  The  DODX  39598  flatcar  was  a 
50-foot  car  equipped  with  roller-bearing  axles,  high-phosphorus  cast  iron 
brake  shoes,  and  a  wooden  floor.  There  were  spark  shields  over  the  first 
axle  only.  The  six-missile  RSR  section  was  located  at  the  B  end  of  the 
flatcar,  which  was  covered  with  an  8-foot-wide,  10-foot-high,  32-foot-long 
plywood  box.  Two  or  four  small  boxes  were  located  at  the  A  end  of  the  car; 
these  contained  miscellaneous  machinery.  These  small  boxes  did  have  wooden 
bottoms  and  they  were  on  wooden  pallets  for  ease  of  fork  lift  handling.  The 
big  box  was  attached  to  the  car  floor;  except  for  a  Jayer  of  Kraft  paper,  no 
other  material  was  used  for  the  bottom.  The  make-up  of  Train  717  with  its 
149  cars  was  completed  by  7:15  p.m.  on  13  September  1981.  Train  717  left 
the  Howci-l  yard  at  8  p.m.  on  that  day. 

The  course  of  Train  717  as  it  headed  south  from  the  Howell  yard  was 
determined  from  tables  of  times  of  Train  717  on  13  September  past  stations 
from  Evansville,  IN,  to  Nortonville,  KY:  from  the  CTC  train  graph  and 
dispatcher's  log,  and  from  calculated  speeds  derived  from  the  times.  For 
comparison,  data  were  collected  on  three  other  trains  that  were  in  that 
track  area  during  the  night/morning  of  13-14  September  1981.  Trains  717  and 
2/769  were  headed  south,  and  Trains  X8025N  and  792  were  headed  north.  The 
data  on  the  four  trains  are  given  in  Table  1.  A  plot  of  progress  (time 
versus  distance)  of  the  four  trains  is  shown  in  Figure  1.  There  are  two 
track  paths  at  the  Atkinson  location;  one  path  goes  through  the  Atkinson 
(Trident)  switch,  Earlington,  and  the  Morton  cutoff,  whereas  the  other  path 
goes  through  the  Atkinson  cutoff,  the  Atkinson  yard,  and  the  same  Morton 
cutoff.  Train  717  is  a  daily  southbound  train;  for  comparison,  Train  717  of 
17  September  1981  is  also  plotted  in  Figure  1.  Table  2  covers  the  events 
that  took  place  during  the  time  that  the  Train  717  of  13  September  went  from 
the  Howell  yard  to  the  switches  at  Kelly. 
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TABLE  1 .  Time-Distance  of  Trains,  1 3*14  September  1 981 . 


Ya'd/location 

Mile  post 

T‘me  that  caboose  opened  switch 

717 

X8025N 

2/769 

792 

HOWfcll 

321.8 

6:00  pm. 

9:50p.m. 

11:55 

Henderson 

31.7 

8:16 

10:19 

11:05 

Rankin 

309.55 

8:27  5 

10:22 

10:55 

Robards 

North  end 

302.2 

8:36 

10:34 

10:42 

South  end 

300.6 

8:37.5 

10:36 

10:30.5 

Breton 

North  end 

293.5 

8:50.5 

10:50 

9:56.5 

South  end 

292.2 

5:53 

10:52 

9:56 

Hanson 

North  end 

282.8 

9:04  5 

11:98.5 

9:42 

South  end 

281.3 

9:06 

11:10.5 

9:41 

Ark  low 

277.5 

9:12 

11:18,5 

9:34 

Atkinson 

Trident 

276.6 

9:16  5 

~ 

— 

Cutoff 

276.7 

~ 

11:40 

9:31 

Earlington 

North  end 

272.7 

9:23. S 

— 

Soutuend 

271.0 

9:26.5 

... 

... 

Morton  cutoff 

268.0 

9:31 

267.0 

9:32 

1 1:53. S 

9:16 

11:54.5 

9:15.5 

Nortonville 

North  end 

266.2 

9:33.5 

12:02  p.m. 

11:56 

9:12.5 

264.7 

9:37.5 

11:38 

12:00 

9:08 

ICG  crossings 

(264.2) 

9:37.5 

11:36 

12:00 

9:07.5 

264  7 

9:41 

Romney 

HBD 

262.0 

10:30* 

11:33* 

12:04* 

9:05* 

Siding 

260.4 

-10:32* 

11:30* 

12  06* 

9:02* 

Crcfton 

North  end 

254.1 

11:15 

11:20 

12:18 

852 

South  end 

252.7 

11:17 

11:08 

12:20 

830 

Kelly 

North  end 

248.4 

11:23.5 

10:16.5 

12:27 

8:43 

South  e.id 

247.2 

11:25.5 

10:155 

12  29 

8:42 

Notes:  The  term  yard  or  location  is  the  name  of  the  yard  and/or  switch  location  in  regard  to  a  given  mile  post.  Track 
switches  are  closed  by  the  train  engine  when  first  contact  is  made  and  are  reopened  when  the  caboose  (last  car)  has 
crossed  the  switch.  The  data  are  recorded  on  a  time-driven  recorder  with  an  event  marker  for  each  switch.  There  can  be 
more  than  one  switch  at  a  given  location.  The  switches  located  at  the  ICG  crossing  are  very  close  together  (estimated  at 
aboutO.1  mile). 

•Reported  by  the  conductor  of  Train  717  as  the  time  of  the  incident;  assumed  to  be  the  time  the  caboose  passed  the 
activated  Romney  hot  box  detector  (H8D).  L&N  claimed  no  knowledge  o.'  the  fire  before  this. 
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TABLE  2.  Time-Distance  of  Trains.  13-14  September  1981. 


Time 

Station  log, 

Location 

Mile  post 

sheriff  dept  6 

Reference 

Train  717 

Train  delay 

LBN  personnel- 
call/time/code 

Howel! 

321.8 

8:00  p.m. 

(Operator:  Prow) 

Henderson 

311.7 

8:16 

Rankin 

309.5 

8:28 

5  min 

Fig  1 

Robards 

300.6 

8:38 

Breton 

8reton 

Breton 

Breton 

North  end 

.■>93.5 

North 

North  end 

North  end 

South  end 

292.2 

end 

South  end 

South  end 

South 

end 

Hanson 

281.3 

9:06 

Squad  4/8:40/10-8 

Squad  4/8:43/10-97 

Squad  4/9:13/10-98 

Ar.  low 

277. S 

9:12 

Atkinson 

276.6 

9:12 

Eartington 

271.0 

9:26 

Morton's 

267.0 

9:32 

Rash/— 9:32/717 

Rash 

Nortonville 

266.2 

9:34 

Two  ICG  crossings 

264.2 

9:41 

3  min 

(717  stopped/backed  up) 
Squad  4/9:45/10  10 

Table  1 

717/— 9:S5/fire  call 

MGFD/10:07/call 

MGFD/1 0:10/10-8 

Dispatcher 

Rash/- 10: 24/1 0-97 

MGFD/1 0:25/1 0-97 

Rash 

45  min 

Fig.  1 

Romney 

HBD 

262.0 

10:30 

Conductor 

Siding 

260.4 

62  min 

Conductor 

40  min 

Dispatcher  j 

-10:32 

33  min 

Fig.  1 

Crofton 

252.7 

1:17 

Kelly 

247.2 

11:26 

MGFD/— 1 1:30/X8025N 

MGFD/1 1:56/10-10 

MGFD 

12:00 

(operator/Howell) 

Note:  The  Hopkins  County  Sheriff  Department  operator  was  H.  Prow  until  midnight  and  C.  Howell  after  midnight. 
Conductor  is  the  Tram  717  conductor.  MGFD  is  Morton's  Gap  Fire  Department. 
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APPLIED  HAND  BRAKE  VERSUS  DEFECTIVE  CAR  AIR  CYLINDER  THEORIES 

As  background  information  on  the  two  possible  causes  of  the  fire,  a 
joint  mechanical  inspection  was  made  on  the  DODX  39598  railcar  by  both  the 
parties  on  21  September  1981.  Prior  to  this  meeting,  this  DODX  railcar  was 
moved  beck  to  the  Howell  yard,  and  the  cargo  was  transferred  to  another 
flatcar  for  shipment  back  to  FMC  Corp.  The  Joint  inspection  on  the  car  in 
question  after  the  fire  revealed  the  following  information,  given  here  in 
brief: 

1.  The  slack  adjustor  was  inoperative. 

2.  Brake  shoes  at  all  locations  were  worn  to  condemnable  limits. 

3.  The  AB  reservoir  was  leaking  in  the  center. 

4.  Angle  cocks  at  the  AAB  end  were  leaking. 

5.  The  combination  cutout  cock  and  di-t  collector  was  leaking. 

6.  Wheels  at  all  locations  had  been  hot  about  2  inches  into  the  wheel 
plate. 

7.  The  deck  was  completely  burned  from  the  car. 

8.  Piston  travel  was  9$  inches;  during  an  emergency  application  and  a 
20-pound  reduction,  the  piston  travel  was  6£  inches.  The  car  brake 
system  requires  5  inches. 

9.  The  last  IDT  of  DODX  39598  was  7/21/81,  BAN  railroad.  The  ear  did 

not  pass  LAN  personnel  on  21  September  1981  because  of  excessive 

leakage. 

10.  The  car  was  COTAS  per  Rule  2  of  AAR  Interchange  Rules. 

11.  Inspection  of  DODX  39598  revealed  two  spark  shields  in  place. 

(Cars  ordered  redecked  on  or  after  1  August  1973  require  spark 

shields. ) 

These  statements  made  at  this  early  inspection  were  not  fully  accepted 
by  both  parties. 

The  argument  that  LAN  proposed  was  that  a  "hidden  defect"  was  the  cause 
of  the  fire  on  this  car,  and  this  defect  was  in  the  air  brake  system  of  the 
DODX  39598  car.  For  the  defect  to  affect  the  braking  system  on  this  car, 
the  train  air  braking  system  would  have  to  be  activated  at  some  point  in 
time  after  the  train  left  the  Howell  yard  and  before  it  reached  the  Romney 
HBD.  According  to  the  deposition  of  the  train  engineer,  he  did  not  use,  or 
was  not  sure  that  he  used,  any  air  reduction  during  the  trip  between  Howell 
yard  and  the  point  at  which  the  fire  may  have  started.  The  use  of  the 
train's  dynamic  braking  system  in  this  case  would  have  been  sufficient  to 
control  the  train  speed. 
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Later,  L&N  claimed  that  heavy  braking  occurred  after  mile  post  275, 
causing  brake  shoe  sparking  and  consequently  the  car  floor  fire.  L&N 
suggested  that  the  heavy  brake  shoe  sparking  activated  the  Romney  HBD.  L. 
Rash  (L&N  Railroad  employee  and  also  deputy  sheriff  that  night)  claims  he 
saw  every  car  as  the  train  went  by  mile  post  268  (Morton’s  Gap).  He  further  ! 
claimed  that  he  did  not  see  any  car  fire  or  any  wheel  sparking  on  the  train,  j 
He  estimated  the  train  speed  at  40  mph.  The  train  conductor  reported  a  j 
train  speed  estimated  at  40  mph.  The  average  speed  was  36.7  mph  for  Train  j 
717  from  Atkinson  (mile  post  276.6)  to  Kortcnville  (mile  post  266.2).  For  j 
comparison,  another  Train  717  on  17  September  1901  also  averaged  36.7  mph 
when  covering  the  same  distance  (see  Figure  1). 

Train  717  of  13  September  1981  stopped  after  passing  through  the  two  j 
switches  at  the  ICG  crossing  (mile  post  26^.2)  and  backed  through  one  ICG  I 
switch,  then  cleared  the  switch  at  9:41  p.m.  According  to  the  L&N  records,  | 
this  train  did  not  clear  the  Romney  HBD  (mile  post  262.0)  until  10:30  p.m  j 
A  fire  call  was  made  at  9:55  p.m.  from  the  Atkinson  dispatcher  to  Train  717. 
The  Hopkins  County  Sheriff  Department  contacted  the  Morton's  Gap  Fire 
Department  (MGFD)  at  10:07  p.m.  with  a  message  to  go  to  the  Romney  railroad, 
"car  on  fire."  MGFD  was  on  its  way  at  10:10  p.m.  and  arrived  at  10:25  p.m. 

L.  Rash  and  an  L&N  truck  with  yellow  flashers  and  crew  were  also  at  the 
Romney  crossing.  L.  Rash  also  claims  that  he  heard  over  the  radio  the  call  j 
from  the  train  conductor  about  a  fire  having  been  caught  by  the  hot  box  I 
detector  and  calling  the  operator  at  the  Sheriff  Department.  He  said  the  j 

operator  was  C.  Howell;  however,  Howell  did  not  come  on  duty  until  after  j 
midnight. 

The  unreleased  hand  brake  theory  is  based  on  severalfactors,  which  are  j 
as  follows : 

1.  The  DODX  39598  car  had  been  traveling  for  several  days  with  no 
apparent  air  brake  problems;  then,  suddenly,  would  it  be  likely  to 
have  a  massive  air  leak  problem  on  an  apparent  single  air  brake 
application. 

2.  The  DODX  39598  car  was  the  end  car  to  a  string  of  cars  being  put 

together  for  Train  717  in  the  Howell  yard.  j 

3.  The  hand  brake  is  usually  set  on  the  end  car. 

4.  The  literature  has  articles  on  the  consequences  of  unreleased  hand 
brakes  on  freight  cars.  The  probability  of  occurrence  is  up  to 
30*. 

5.  Train  speed  and  sufficient  brake  horsepower  are  needed  to  cause  j 
heavy  brake  shoe  sparking  and  ignition  of  the  car  floor. 

6.  The  B  end  of  the  car  is  at  the  rear  of  the  car  and  the  sparks  from 
the  first  axle  are  directed  downward,  away  from  the  floor;  from  the 
second  axle,  the  sparks  are  directed  upward  into  the  floor;  from  J 
the  third  axle,  downward,  as  with  the  first  axle;  and  from  the 
fourth  axle,  upward,  as  with  the  second  axle.  The  second  axis 
would  help  ignite  the  floor  at  the  rear  end  of  the  train. 
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7.  Tht  initial  train  speed  after  leaving  the  Howell  yard  speed  limit 
of  10  mph  was  estimated  in  excess  of  45  mph. 

8.  There  apparently  was  a  train  stop  for  about  7  minutes  between 
Henderson  and  Rankin.  It  is  speculated  that  heavy  wheel  sparking 
was  noted,  and  the  hand  brake  was  released.  The  floor  fire  could 
already  have  started,  ignition  of  the  floor  can  occur  in  a  few 
minutes . 

9.  A  train  speed  in  excess  of  50  mph  at  times  would  have  helped  the 
floor  fire  under  the  car  to  continue. 

10.  The  time  needed  to  burn  through  the  floor  is  about  10  minutes. 

1.  The  fire  under  the  car  tends  to  die  out  in  about  20  minutes.  The 

fire  would  spread  on  top  of  the  car  floor  and' should  spread  from 
side  to  side  in  15  to  60  minutes.  Since  there  is  no  floor  to  the 
big  box  at  the  rear  end  of  the  car,  once  the  fire  reached  the  walls 
of  the  big  box,  then  it  would  spread  very  quickly  inside  the  big 
box.  The  big  box  was  made  of  very  heavy  plywood  (estimated  at  l£ 
inches  thick/  and  the  fire  inside  would  not  be  visible  on  the 
outside. 

12.  As  Train  717  passed  by  L.  Rash  at  mile  post  268,  the  fire  under  the 

floor  had  died  out,  but  the  fire  inside  the  big  box,  although 

continuing,  was  not  visible,  nor  was  it  visible  at  the  A  end  of  the 
ear  because  the  wood  pallets  under  the  small  boxes  would  have 
blocked  Rash's  view  of  the  fire. 


STORY  OF  THE  717  TRAIN  FIRE  OF  13  SEPTEMBER  1981 

Train  717  should  have  left  the  Howell  yard  at  7:45  p.m.,  but  did  not 
leave  until  8:00  p.m.  The  train  moved  at  10  mph  until  it  left  the  limits  of 
the  Howell  yard.  The  train  then  traveled  at  the  maximum  speed  limit  until 
leaving  the  Henderson  yard.  Apparently,  the  fire  and  sparks  from  the  D0DX 
39598  car  got  somebody's  attention,  and  the  train  was  stopped  for  a  few 
minutes  to  release  the  hand  brake.  Apparently,  a  fire  was  noted,  since  an 
LAN  truck  was  at  the  fire  site  and  the  train  engineer  changed  the  train  path 
to  go  through  Earlington  instead  of  going  through  the  yards  at  Atkinson. 
The  yardmaster  at  the  Atkinson  yards  was  expecting  this  train  and  called  the 
train  to  determine  where  it  was.  It  may  be  assumed  that  the  train  engineer 
knew  that  a  car  was  on  fire  and  that  he  called  a  fellow  LAN  employee,  L. 
Rash,  to  do  a  visual  inspection  of  the  train  as  it  went  by  mile  pest  268. 
L.  Rash  did  not  observe  any  fire,  since  it  was  hidden  inside  the  big  box  and 
by  the  pallet  blocks  under  the  small  boxes.  The  train  went  tnrough 
Nortonville  and  stopped  just  past  the  ICG  crossing.  A  fire  at  the  rear  end 
of  the  car  had  already  been  reported  at  this  time.  The  fire  in  the  big  box 
was  fought  by  LAN  personnel  from  the  LAN  truck,  by  L.  Rash,  and  by  others. 
The  fire  in  the  big  box  was  reduced,  and  the  train  proceeded,  with  the 
conductor  calling  the  Sheriff  Department  for  help  and  stopping  the  train 
when  the  burning  car  would  be  at  the  Romney  railroad  crossing.  This  fire 
was  at  the  A  end  of  the  car  where  the  small  boxes  were  located.  This  fire 
was  put  out  by  the  MGFD,  and  it  assumed  that,  since  the  fire  had  not  reached 
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the  big  box,  the  big  box  was  not  involved.  When  the  car  was  seen  again,  the 
fire  in  the  big  box  had  consumed  the  rest  of  the  car. 


SUMMARY 

The  United  States  case  on  the  technical  question  of  braking  and  hidden 
defect  of  DODX  39598  was  strong  and  was  further  strengthened  by  the 
transcripts  of  L&N's  experts.  Had  the  court  case  continued,  the  United 
States  position  would  have  shown  that  L&N's  contention  of  a  fire  stemming 
from  stuck  brakes  after  the  engineer's  use  of  the  airbrakes  to  slow  down  at 
Sebree  (mile  post  297)  was  completely  unreasonable.  This  L&N  position  was 
not  in  line  with  the  opinion  of  its  own  experts,  since  conditions  were 
asserted  that  did  not  exist  on  Train  717  at  the  night  of  the  fire.  The  out- 
of-court  settlement  of  $1.4  million,  although  far  larger  than  the  original 
offer  of  $2500,  was  less  than  the  estimated  $6  million  loss.  A  lesson 
learned  in  this  case  is  that  the  initial  investigation,  which  dealt 
primarily  with  the  burned  car,  should  perhaps  have  emphasized  what  happened 
the  night  of  the  fire. 
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pap«r 


reviews 


Abstract 

the  similarities  between  the  above-ground 


■agasice  deflagration  of  12  July  1985  at  the  Ravel  Surface  Weapons 
Center i  Dehlgren,  Virginia  and  those  of  22  February  1979  and  13 
September  1984  at  Lake  City  Iny  Ammunition  Plant  (LCAAP), 


Missouri.  Subsequent  investigation  of  the  incidents  concluded 
that  each  was  the  result  of  a  lightning  discharge.  In  each  case, 
lightning  was  *in  the  area''*—but  in  none  of  the  cases  was  a  direct 


discharge  in  the  immediate  area  confirmed  by  an  eyewitness. 


®LeverP  akf*""f  iberboard  drums  were  being  stored  in  each  of  the 
magazines  that  deflagrated.  In  the  Dehlgren  incident,  it  was 
concluded  that  the  fire  originated  in  an  area  in  which  a  majority 
of  LeverPaks  were  stored.  Ravy  '•baverPak^'drume  were  subjected  to 
both  direct  and  radiatedBSD  impulses  with  peak  voltages  of  up  to 
AOOkV.  Army  ^VeatherPalcr  drums  prlTffTidail"hj  liTAftT  were  subjected 
to  similar  radiated  BSD  impulses.  Test  results  suggest  that 
internal  arcing  was  fusing  the  top  and  bottom  chimes  to  the 
aluminum  vapor  barrier.  Ibis  arcing  could  ignite  any  flammable 
vapors  or  explosives  dusts  that  may  be  in  the  vicinity  of  the  arc., 
"Ravy"  drums  differ  from  ."Army"  drums  by  an  internal  1-inch  y 

aluminum  foil  strip  bonding  the  top  and  bottom  chines. 


Y 
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On  22  February  1979  and  13  September  1984  separate  above- 
ground  snokeleas  propellant  magatinaa  In  the  19-Area  at  Lake  City 
Army  Ammunition  Plant  ( LCAAP) ,  Missouri  deflatrated  as  a  result  of 
lightning  activity ( i i { 2 1 «  The  19-Area  nagaaines  arc  located  in  a 
valley  on  a  dry  lake  bed.  The  magasine*  are  wood  frame  structures 
built  on  a  concrete  deck  vith  corrugated  asbestos  siding  and  a 
flat  tar  roof.  They  were  constructed  in  1941  and  were  equipped 
with  an  integral  lightning  protection  system  (3i  which  received  an 
Cndervritera  Laboratories  Master  Label  in  1947  (  1  ]  . 

On  12  July  1985  Magasine  1L4  at  the  Havel  Surface  Weapons 
Center  Dahlgren  Laboratory  deflagrated  consuming  its  entire 
contents  of  170t900  pounds  of  smokeless  propellant.  Propellant 
grains  stored  in  the  magasine  ranged  in  sise  from  0.10  inches  x 
0.04  inches  (20mm)  to  1. 20-inches  x  0. 50-inches  (for  8-inch 
rounds) (4).  Like  the  Lake  City  Army  Ammunition  Plant  19-Area 
magasinss.  HSWC/Dahlgran  Magasine  1L4  was  an  above-ground  magasine 
(Clast  11  as  defined  in  RAVSEA  0P-5,  paragraph  4.9).(5j.  However, 
it  was  constructed  of  steel  reinforced  concrete  valla  sitting  on 
an  elevated  concrete  deck  with  steel  roof  and  ceiling  frames  and 
corrugated  asbestos  roof  and  ceiling.  A  mast-type  lightning 
protection  system  was  installed  in  1941  (at  the  time  of  magasine 
construction).  The  height  of  the  masts  was  not  adequate  to 
provide  a  * sone-of-pr otection"  as  currently  required  for  these 
type  structures  (  5 J( 6  ]  I  7  }  (  8i .  However,  the  mast-type  system  did 
meet  the  sone-of-protection  requirements  in  effect  at  the  time  of 
installation! 9 J 1 101 .* 

None  of  the  lightning  protection  systems  for  any  one  of  these 
structures  met  current  lightning  protection  system  requirements. 
Specific  deviations  for  each  system  will  be  discussed  herein  in 
later  sections  along  vith  any  lessons  learned. 

The  NSWC  incident  investigation  identified  a  potential  risk 
associated  with  the  design  of  one  of  the  bulk  propellant 
containers  stored  in  the  magas ine ( 1 1 ] .  This  was  thought  to  be  a 
major  contributor  in  the  deflagration  (4j(12l.  A  similar 
configuration  of  these  containers  were  stored  in  both  Lake  City 


*  Reference  [10]  was  the  oldest  copy  of  BDQRI)  QP- .*)  accessible 
to  the  NSWC  Investigation  Team.  The  edition  in  effect  at  the  time 
of  construction  was  released  in  1927.  Since  the  June  1944 
Revision  to  BOQRD  OP-5  reflected  the  most  stringent  sone-ot- 
protection  requirements  in  affect  at  the  time  it  is  highly 
probable  that  the  system  met  all  previous  sone-of-protection 
requirements. 


A AP  magasices*  High-voltage  B8D  ttiti  vtrt  conducted  on  both 
conf iguratione  of  ."heverPak*  container*.  Those  teat*  are 
discussed  in  Section  5.  They  indicate  that  the  resistance  between 
the  top  and  bottom  chimes  of  the  LeverPak  containera  decreases 
when  subjected  to  either  direct  or  indirect  current  impulses. 
Potential  arcing  can  ignite  explosives  duets  or  gases  trapped  in 
the  containera.  As  a  result,  the  Naval  Sea  Systems  Command  has 
directed  that  LeverPak- type  containers  shall  not  be  stored  in 
Class  XI  stages  ine s I  13  ]  •  Justification  for  this  decision  is  also 
forwarded  in  Section  5. 


2.  HttMMli 

ia  miflii 

laa  LAKl  C1T*  AIMI  AMMOllTIOi  PLAIT  ILCAAP1  19-AiEA  MAfiAglNlS 


th#  19-Area  ittut mas  at  ltk«  City  itiy  Ammunition  Plant  an 
wood  framed,  corrugated  asbestos-aided  flat  roofed  nagaainaa 
constructed  in  1941(11.  An  integral  lightning  protection  ayatan 
van  inetalled  just  after  construction  which  received  an 
Oadervritara  Laboratoriaa  Master  Label  dated  1947.  A  hot  air 
(steam)  heating  system  was  installed  in  1953(2).  The  ordnance 
grounding  ayatan  vaa  also  installed  at  that  tine  (identified  as 
atntic  ground  bus  bar  in  the  Amy  Board  of  Investigation  Baport  on 
LCAAP  Nagaaina  1 9 L ( 2 ) > •  The  ordnance  ground  ayatan  conaiatad  of  a 
1-inch  by  1/4-inch  copper  bus  bar  conpletely  encircling  the 
interior  of  the  nagaaina  7  feat  above  the  conductive  floor.  A 
atatic  grounding  ayatan  eonaiating  of  a  conductive  dock  vaa  alao 
installed  in  the  19-Area  nagaainaa.  The  atatic  grounding  system 
vii  grounded  independent  of  the  lightning  protection  ayatan.  Amy 
Explosive  Safety  Standards  in  effect  in  1953  vara  not  available, 
but  Navy  Standards  ia  affect  at  the  tine  did  not  require  that  the 
lightning  protection  ayatan  be  interconnected  t»  any  other 
grounded  syateas(lO).  In  1978  the  nagasinea  vers  reroofed  and  the 
lightning  protection  ayatan  was  nodifiad  to  provide  24-inch  air 
teminals  vice  the  18-inch  terainala  originally  installed.  No 
effort  was  node  to  bring  the  renainder  of  the  systen  up  to  current 
standards. 

The  19-Area  nagasinea  are  located  in  a  valley  that  was 
foraally  a  lake  bed.  Plant  production  buildings  are  built  on  the 
hills  surrounding  the  nagasinea.  However,  the  nagasinea  are 
proninent  in  the  large  flat  area  which  nakes  then  attractive 
lightning  termination  points.  This  ia  evidenced  by  a  visual 
inspection  of  the  nagasinea  and  cottonwood  trees  in  the  nagaaina 
area  on  7-8  March  1988  revealing  that  both  the  treea  and  air 
terminals  on  the  existing  magaainea  had  been  struck  by 
li ghtningl 14) •  Even  though  not  specifically  addressed  in  my  final 
report  IS),  the  author  has  noted  this  evidence  and  documented  it 
in  ay  trip  report  on  the  investigation  (memo  to  files). 

2.1.2  ISKfi-MAfiaXai-lU 

Naval  Surface  Weapons  Center  Magasine  1 L4  was  an  above-ground, 
steel  reinforced  concrete  magasine  with  a  steel  frame  roof  and 
ceiling  that  had  four  aymmetr ically  spaced  copper  ventilators 
mounted  on  the  crest  of  the  roof.  A  mast-type  lightning 
protection  system  was  installed  at  tha  time  of  construction 
(1941).  No  utilities  had  bean  installed  in  the  magasine 
(electricity,  water,  fire  alarm,  etc.). 
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An  ordnance  grounding  nyitta  vat  installed  at  tha  tine  of 
conatruction.  Earlier  in  tha  aunar  of  1915  the  ordnance 
grounding  system  had  been  modified  *a  a  raault  of  an  informal 
auggaation  from  a  Department  of  Dafanae  Explosives  Safety  Board 
Inspection  Team* 

Tha  steam  heating  system  mas  bonded  to  and  grounded  through 
the  static  grounding  system.  *( "ordnance  hue  bar"  and  conductive 
floor)  which  was  grounded  separately  from  the  lightning  protection 
syatem.  Bowever,  the  vent  pipe  waa  bonded  to  the  lightning 
protection  system  at  the  roof  level  (possibly  at  tha  tine  of 
roroofing).  The  lightning  protection  and  static  grounding  systems 
were  bonded  together  only  through  this  connection.  The  steam 
pipes  feeding  the  magaaines  were  not  grounded  except  through  the 
magasine's  atatic  grounding  system! 1). 


2.2  Inc Idant  Patella 


On  22  February  1979  and  15  September  198A  an  above-ground 
magazine  deflagrated  at  Lake  City  AAP.  In  both  caaea  lightning 
activity  had  been  seen  in  the  vicinity  of  the  plant  but  in  neither 
case  did  an  eyewitness  see  a  strike  in  the  magasine  just  prior  to 
the  event  (although  eyewitneaaea  to  the  event  were  questioned). 

The  19-Area  magaaines  were  routinely  checked  by  Lake  City  AAP 
security  personnel.  On  22  February  1979  Magasine  19L  had  been 
checked  approximately  20  minutes  prior  to  the  deflagration  and  no 
abnormal  conditions  were  noted.  Some  witnesses  stated  they  had 
seen  lightning  in  the  immediate  area  but  others  had  not.  National 
Heather  Service  Severe  Storm  Naming  Center  in  Kansas  City, 
Missouri  confirmed  that  lightning  activity  was  within  30  miles  of 
Lake  City  AAP  at  minimum.  No  direct  strike  to  any  of  the 
magasines  was  witnessed  that  night(2j. 

On  13  September  1984,  Magasine  19S  had  been  checked  by 
security  personnel  approximately  3  hours  prior  to  the 
deflagration.  Excessive  interior  temperatures  were  noted  and 
reported  to  the  night  foreman.  The  equipment  room  was  inspected 
approximately  2  1/2  hours  prior  to  the  deflagration  and  no 
abnormalities  were  detected.  There  was  lightning  activity  in  the 
area  prior  to  the  deflagration.  Explosives  operations  had  been 
shut  down  up  until  approximately  15  minutes  before  the 
deflagration  was  detectedtli. 

In  both  cases  the  magasines  and  their  entire  contents  were 
totally  consumed. 

*  Unlike  Navy  documents,  the  Army  Safety  Manual  l8j  does  not 
recognise  an  ordnance  and  static  ground  system.  In  discussing  the 
Army  grounding  sytems  the  "ordnance  bus  bar"  refers  to  the  copper 
bus  bar  mounted  on  the  interior  wall  of  the  magasine. 


2.2.2  lUC/flL  aillmitiaa 

Rational  Heather  Service  weather  radar  echoes  show  chat 
intense  atom  ealla  vara  beginning  to  build  want  of  Dahlgren, 
Virginia  aa  aarly  aa  0200  on  12  July  1902.  Hail  and  aavara 
thuodaratorna  vara  raportad  ovar  a  larga  araa.  Lightning  activity 
vaa  raportad  in  tha  araa  aa  aarly  aa  0220(41.  Blaetric  fiald  aill 
racordinga  chov  that  electric  fialda  axcaadad  >2000  volts/meter  aa 
aarly  aa  0200* 

Byavitnaaaaa  raport  that  tha  majority  of  lightning  activity 
had  paaaad  ovar  tha  Baaa.  Mo  cloud-to-ground  lightning  in  tha 
vicinity  of  tha  Baaa  vaa  raportad  innadiataly  prior  to  tha 
daf lagration. 

At  0202  on  12  July  1902*  Magaaina  1 L4  daflagratad*  Subsequent 
invaatigation  ravaalad  that  tha  fira  had  probably  atartad  prior  to 
0200  in  ona  of  tha  containara  and  had  propagatad  until  aoaa  of  tha 
mailer  grain  propallanta  vara  ignitad.  Thaaa  snail  graina  burned 
at  a  nuch  faatar  rata  and  vaa  noat  probably  tha  cause  of  tha  major 
daflagration  that  raaultad  in  tha  loud  raport  and  fireball  that 
vent  through  the  roof. 

The  magaaina  ia  located  in  tha  rear  of  Magaaina  Area  1. 
Security  peraonnel  do  not  normally  check  each  of  the  magaainea 
unleaa  the  gates  to  tha  araa  are  found  open.  They  are  not  allowed 
in  tha  magaaina  arena  when  thunder a tome  are  in  the  vicinity.  For 
this  raaaon,  tha  fira  could  have  been  burning  for  a  long  period 
prior  to  ite  detection.  Based  on  tha  malting  of  a  copper 
ventilator,  siuc-coated  steel  pallets,  and  the  warping  of  sou.: 
beams  in  tha  roof  frame  ii  is  expected  the  fire  vaa  burning  fo 
some  20  minutes  prior  to  its  detection. 

Fire  protection  peraonnel  responded  to  the  report  of  the 
magaaina  fire  but  vere  not  allowed  into  tha  area  to  fight  the 
fire.  The  fire  was  allowed  to  burn  itself  out  before  anyone  was 
allowed  into  tha  area*  A  number  of  ,**popt.M  were  heard  while  the 
fire  was  burning;  most  likely  due  to  the  cookoff  of  the  propellant 
in  MR  7  containers.  Tha  entire  contents  of  170,900  pounds  of 
smokeless  propellant  was  consumed  in  the  fire. 
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3 


Lightning  Protection 

3  •  l  lixJaiaifl£-&xgi£&ijLaa-.Sx.il£B£ 

Integral  lightning  protection  systems  were  installed  to 
protect  the  19-Area  magazines  t> their  time  of  construction 
(1941).  Underwriters  Laboratories  Master  Labels  were  acquired  for 
these  protection  systems  in  1947(1).  A  steam  heating  system  was 
later  installed. 

■* 

The  steam  heating  system  was  bonded  to  and  grounded  through 
the  static  grounding  system  *( "ordnance  bus  bar"  and  conductive 

which  was  grounded  separately  from  the  lightning  protection 
system.  However,  the  vent  pipe  was  bonded  to  the  lightning 
protection  system  at  the  roof  level  (possibly  at  the  time  of 
reroofing).  The  lightning  protection  and  static  grounding  systems 
were  bonded  together  no  other  way.  The  steam  pipes  feeding  the 
magazines  were  not  grounded  except  through  the  magazines  static 
grounding  system! 1 ] 

The  magazines  were  reroofed  in  1978  and  the  18-inch  air 
terminals  were  replaced  with  24-inch  air  terminals.  No  effort  was 
-cade  to  the  upgrade  the  remainder  of  the  lightning  protection 
systems  to  standards  in  effect  at  the  time. 

3.1.2  _ 

3  .1.2.1  JLliaAXX-lXJJtljBXJLiJEtJa-lXAlf.B 

A  mast-type  system  was  designed  for  Magazine  1 L4  in  1940 
and  installed  in  1941.  Mast  heights  were  designed  such  that  the 
tip  of  each  mast  was  59  feet  above  deck  level.  This  is  exactly 
twice  the  peak  height  of  the  structure  (28  feet).  The  masts  were 
spaced  32  feet  from  the  corner  of  the  structure. 

The  masts  were  interconnected  by  a  2/0  stranded  copper- 
cable  primary  ground  girdle.  Figure  1  shows  the  location  of  this 
girdle  and  identifies  the  actual  location  of  the  8  ground  rods 
bonded  to  this  primary  girdle.  The  girdle  was  buried  a  minimum  of 
2  feet  below  grade. 


* 

Unlike  Navy  documents,  the  Army  Safety  Manual  (8)  does  not 
recognize  an  ordnance  and  static  ground  aystam.  In  discussing  the 
Army  grounding  systems  the  "ordnance  bus  bar"  refers  to  the  copper 
bus  bar  mounted  on  ue  interior  wall  of  the  magazine. 
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Although  not  specifically  required,  the  me 
provided  with  a  secondary  ground  girdle.  The  sec 
currently  required  to  provide  a  common  bond  for  a 
grounding  systems  (i.e.,  static  grounds,  ordnance 
instrumentation  grounds.  etc.)l5i.  Bach  steel  tr 
the  secondary  ground  girdle.  A  Mo.  4  AWG  solid  c 
bonded  the  trusses  to  a  No.  2/0  stranded  copper  c 
approximately  3  to  4  feet  abc 
above  the  loading  dock  on  the  front, 
bonded  to  the  secondary  girdle  at 
ventilator  was  bonded  to  the 
turn  bonded  to  the  secondary  girdle  at 
structure.  As  mentioned  above; 
flashings  were  bonded  as  required. 
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Magazine  1  L4  was  also  equipped  with  an  ordnance  ground 
system  to  ground  the  propellant  containers  inside  the  magazine. 
This  grounding  system  consisted  of  a  1  1/4-inch  wide  copper  mesh 
cable  running  along  the  rear  of  the  magazine  (3  feet  from  the  rear 
wall),  replacing  the  imbedded  angle-iron  originally  provided, 
bonded  at  both  ends  to  the  secondary  ground  girdle.  A  total  of  13 
rows  of  copper-mesh  cables  were  connected  perpendicular  to  the 
ordnance  ground  bus. 


3  .2 


3.2.1  Itflks..  G  i.tx_AA£-&£AMixj&mfiaJLa 
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3.2.2  HS-WC  Magazine  1  LA  Requirement! 

The  earliest  copy  of  NAVSEA  OP-5  available  to  the 
investigating  team  was  BUORD  OP-5  of  10  June  1 944 [ 1 0  J •  Although 
the  structure  vas  designed  prior  to  this  date  (1940),  it  is 
thought  that  the  earlier  edition  of  the  publication  was  similar. 
The  10  June  1944  edition  of  the  publication  was  the  first 
revision,  superseding  OP-5  dated  1  Oct  1920. 

BUORD  OP-5,  June  1944  required  that  all  magazines  be 
equipped  f"with  an  efficient  lightning  protection  system.,"  Section 
787  required  that  the  primary  lightning  protection  system, 
designed  to  intercept  direct  strikes,  "consist  of  four  or  more 
masts  each  about  twice  the  height  of  the  building  and  placed  a 
minimum  of  one-half  the  mast  height  from  the  corners  of  the 
building.  A  2/ J  copper-cable  girdle  connects  the  steel  masts 
underground,  laid  not  less  than  18  inches  below  grade  and 
completely  surrounding  the  building." 

BUORD  OP-5  (1944),  Section  790  requires  that  each  steel 
column  or  truss  be  grounded  at  its  lowest  point.  The  ventilators, 
flashings,  and  frames  of  metal  doors  shall  be  bonded  to  the 
structural  steel  work,  or  connected  to  separate  grounds.  Number  6 
AUG  copper  wire  i  c  required  for  all  secondary  ground  connections. 
Bonding  connections,  from  one  grounded  part  to  one  to  be  grounded, 
shall  not  exceed  40  feet  in  length.  Where  the  distance  exceeds  40 
feet,  separate  grounds  shall  be  provided.  Metal  objects  within 
buildings  shall  be  grounded.  Although  a  secondary  ground  girdle 
is  not  specifically  required.  Section  790  requires  that  all  steel 
in  the  magazine  be  grounded  and  Section  791  discusses  the 
effectiveness  of  interconnecting  additional  rods.  Section  792 
discusses  the  use  of  a  2/0  secondary  girdle  where  driving  ground 
rods  is  impractical. 

Even  though  BUORD  0P-5  (1944)  does  not  address  the  number 
of  ground  rods,  NFPA  Code  78  ( 1  9J  7  )  I  9  J  (the  standard  in  effect  at 
the  time  of  both  design  and  installation),  Section  217  required  a 
ground  connection  for  each  down  conductor.  Section  215  of  NFPA  78 
(1937)  required  2  separate  paths  from  each  air  terminal  (mast)  to 
ground.  This  was  subsequently  required  by  Navy  Definitive  Design 
Drawings  ( NAVFAC  P-27  2)  l 16  ]  .  BUORD  OP-5  (  1944),  Section  7  93 
required  that  "the  lightning  protection  systems  and  the  static 
grounding  system...  be  scrupulously  examined  semiannually,  and 
shall  be  kept  in  efficient  condition.  Once  each  year  each  system 
shall  be  tested  electrically  and  the  results  of  these  tests, 
together  with  the  description  of  the  defects  noted  and  the  repairs 
made,  shall  be  submitted  to  the  station  safety  engineer  or  the 
person  designated  as  responsible  for  the  efficient  operation  of 
the  lightning  protection  system."  The  current  revision  of  the 
document,  NAVSEA  OP-5,  Volume  1,  Fourth  P.evision,  Change  14  (5), 
Chapter  4-9. 2. 4  and  4-9. 2. 5  requires  visual  inspections  every  7 
months  and  complete  electrical  tests  every  14  months.  Test 
results,  any  effect  noticed,  and  repairs  made  shall  be  submitted 
to  the  person  responsible  for  the  efficient  operation  of 
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th«  lightning  protection  systems  and  shall  be  entered  in  the 
activity  records  (NAVSEA  OP-5,  Volume  1,  Fourth  Revision,  Change 
14,  4-9.2. 5).  Chapter  4-9.2. 4  requires  that  repairs  o£  all 
discrepancies  found  during  inspections  be  made  immediately. 

Section  4.3  of  this  report  discusses  ground  systems  testing  in 
greater  detail. 

3 .3  fijMqnAlng 

3.3.1  JLafci-Citv  AAJL  HigiKiaei 

At  mentioned  in  Section  3*1.1,  the  lightning  protection 
grounding  system  was  isolated  from  the  ‘‘secondary'*  or  static 
grounding  system.  Rovever,  in  some  cases  (such  as  the  heating 
system  vent  pipe)  metallic  conductors  were  bonded  to  the  lightning 
protection  system  but  grounded  only  through  the  static  grounding 
system.  As  a  result,  a  lightning  strike  that  causes  substantial 
current  flow  in  the  lightning  protection  system  will  create  a 
corresponding  voltage  differential  bstwesn  the  ground  systems 
(since  the  grounding  systems  were  not  bonded  at  the  ground  level). 
As  defined  by  Ohm's  L aw,  the  vent  pipe  will  conduct  s  substantial 
current  pulse  into  the  structure  becsuse  the  static  ground  "looks 
like,"  a  much  lower  impedance  ground  (the  primary  ground  girdle 
will  be  saturated  at  this  time).  Due  to  the  bonding/grounding 
technique  used  in  the  magasines,  this  surge  current  will  likely 
flow  through  the  "ordnance  bus  bar"  to  get  into  the  secondary 
grounds. 

The  secondary,  "static,"  grounding  system  consisted  of  a 
conductive  deck  and  a  1-iuch  by  1/4-inch  copper  bus  bar  running 
along  the  interior  wall.  The  steam  pipes  and  heating  system 
hardware  were  also  grounded  through  the  "static"  ground  system. 
Fiually,  the  propellant  containers  were  grounded  through  the 
static  ground  system  due  to  the  fact  that  they  were  sitting  on  a 
conductive  deck. 

3  .3  .2  jja&_lLA 

Magazine  1 L4  was  equipped  with  both  primary  and  secondary 
ground  girdles.  The  primary  ground  girdle  interconnected  the 
masts  and  provided  paths  to  ground  for  lightning  currents.  The 
secondary  ground  girdle  interconnected  all  the  conductors  located 
in  or  on  the  structure  and  provided  a  means  by  which  the  ordnance 
stored  in  the  magazine  could  be  grounded. 

3  .3  .2 .  i  £xijiAr^£xjiU>iL^ixAiA 

The  masts  were  interconnected  by  a  2/0  stranded  copper 
cable.  A  total  of  eight  10-foot  long  ground  rods  were  installed 
as  part  of  this  ground  girdle;  two  for  each  mast.  The  girdle  was 
buried  a  minimum  of  2  feet  below  grade.  It  has  not  bonded  to  the 
secondary  ground  girdle. 
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A  secondary  ground  girdle  via  installed  to  provide  a  common 
bond  for  all  secondary  grounding  systems  (static  grounds,  ordnance 
grounds,  structural  grounds,  etc.).  This  girdle  consisted  of  a 
2/0  stranded  copper  cable  buried  approximately  2  feet  below  grade 
running  3  to  4  feet  outside  the  perimeter  of  the  structure.  A 
total  of  6  ground  rods  were  connected  to  the  secondary  girdle  as 
shown  in  figure  1  . 

The  copper  ventilators  and  steel  trusses  were  bonded  to  the 
secondary  girdle  by  a  No.  4  AWG  solid  copper  cable  running  down 
the  exterior  of  the  structure  in  both  front  and  rear  (4  ea)  to 
approximately  3  to  4  feet  above  grade.  The  Nov  4  cable  was  then 
connected  to  a  2/0  stranded  copper  cable  that  provided  the  bond  to 
the  secondary  girdle.  Doors,  door  frames,  and  metal  flashings 
were  bonded  to  these  conductors. 

An  ordnance  grounding  system  had  also  been  installed  in  the 
magasine.  This  consisted  of  a  1  1/4-inch  wide  tinned  copper-mesh 
cable  running  along  the  rear  of  the  magasine.  A  total  of  13  rows 
of  these  cables  were  connected  perpendicular  to  the  bus.  The 
ordnance  in  the  magasine  was  grounded  by  sitting  steel  pallets  (on 
which  the  propellant  containers  were  stored)  on  this  conductor. 

No  “positive."  attachment  to  the  propellant  containers  was 
attempted.  Any  propellant  containers  that  were  sitting  on  wooden 
skids  were  not  grounded. 

3  .3  .3  Ground  System  Testing 

3  .3  .3.1  Liig_.City-AAr 

Annual  electrical  tests  were  required  for  the  grounding 
systems  protecting  the  Lake  City  AAP  magazines.  These  test 
results  were  not  made  available  to  the  author  but  they  were 
thought  to  meet  the  minimum  ground  resistance  requirements  of  10 
ohms.  However,  the  Lake  City  AAP  engineering  personnel  conducting 
the  tests  were  unaware  that  the  magazines'  lightning  protection 
systems  were  equipped  with  counterpoises.  The  Army  Board  of 
Investigation  Team  concluded  that  the  grounding  systems  had  not 
been  properly  tested.  Analysis  of  some  of  the  msgazines  in  the 
area  confirmed  that  corrosion  and  broken  connections  existed  in 
the  area ( 1 J  . 
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3  .3  .3  .2 


Navy  regulation*  have  required  both  visual  end  electrical 
teeting  of  lightning  protection  systama  ae  early  aa  1944  t 1 0 i • 
Although  current  regulations  (NAVSEA  OP-5,  Chapter  4-9. 2. 4) 
require  7  end  14  month  test  cycles  vice  the  6  and  12  month  cycles 
of  earlier  days,  both  require  that  any  damage  noted  during  the 
tests  be  submitted  to  the  person  responsible  for  the  efficient 
operation  of  the  lightning  protection  systems  and  entered  into  the 
station's  records.  Current  regulations  require  that  repairs  of 
all  discrepancies  be  made  immediately* 

table  1  provides  ground  system  test  results  for  the  required 
ground  system  test*  for  the  last  5  years.  The  grab  bars 
identified  in  tAble  1  are  not  requirad  and  had  been  removed  at 
least  5  years  prior  to  th*5.  incident.  Conversely,  Test  Point  3  , 
identified  as  missing  for  at  minimum  5  years,  was  a  necessary  part 
of  the  secondary  grounding  system  and  should  have  been  repaired 
inmediately.  One  of  the  aim  total  ground  rods  fox  the  secondary 
girdle  vas  located  at  the  point  that  the  missing  bond  tied  into 
the  secondary  girdle. 

Even  though  the  test  technique  utilised  by  NSWC  in  conducting 
the  required  ground  systems  testing  did  not  meet  manufacturer's 
recommended  procedure  as  is  currently  specified  by  NAVSEA  OP-3, 
Chapter  4-9. 2. 5,  it  met  the  intent  of  NAVSEA  OP-5.  As  can  be  seen 
in  Table  i ,  the  extensive  interconnections  of  metallic  objects 
vith  the  secondary  ground  girdle  cen  meek  any  deterioration  of  the 
grounding  system  when  measured  according  to  current  requirements. 
For  instance,  after  taking  samples  of  the  secondary  bonding 
conductors  for  metallurgical  evaluation  (resulting  in  the 
disconnection  of  the  bonds  to  the  steel  trusses)  and  conducting 
tests  on  the  remaining  girdle,  it  vas  found  that  one  of  the  test 
points  shoved  120  ohms  resistance  when  adjacent  test  points  to 
which  it  vas  to  have  been  interconnected  read  1.7  to  1.8  ohms. 

The  final  entry  in  Table  1  forwards  the  values  of  the  ground 
system  test  conducted  after  the  incident.  As  mentioned  earlier, 
excavation  revealed  that  the  secondary  ground  girdle  was  not 
continuous  and  the  teat  point  exhibiting  the  out-of-spec  readings 
vat  found  not  to  have  been  connected  to  the  secondary  ground 
girdle. 
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3  .4 
3  .4.1 


The  ,*19  Area,"  ■•ttiinai  ware  inspected  on  7-4  March  1994  to 
provide  comments  to  Army  end  Remington  personnel  (contractor  at 
the  tine  of  tha  incidents)  on  vhat  specific  modi? icationa  to  the 
systems  would  be  necesaary  to  bring  tha  grounding  and  lightning 
protection  eyetena  up  to  currant  standards*  Minor  differences 
•aisted  anong  the  magaxines  inspected  but  generally  the  syetema 
contained  an  excessive  number  of  bends  in  the  down  conductors,  the 
•team  pipes  and  vent  pipe  were  not  properly  grounded  and  the 
lightning  protection  ground  girdle  was  not  interconnected  with  the 
static  grounds* 

the  noat  widespread  discrepancy  identified  in  the  *19  Area* 
magaxines  was  the  couraing  of  tho  down  conductors.  Nf PA  78-1981 
(7J,  8actions  3-14  and  3-15  rsquiro  that  conductors  maintain  a 
horiaontal  or  downward  course,  free  from  pockete*  Ho  bend  of  e 
conductor  shell  form  an  included  angle  of  laoa  than  90  degrees  nor 
have  a  band  radius  less  than  8-inches.  A  large  number  of  the  down 
conductors  which  were  looped  around  the  eaves  violated  both 
requirements. 

The  steam  pipes  were  in  most  cases  bonded  to  the  lightning 
protection  system  but  in  some  ceaee  were  not  grounded  at  that 
point.  They  must  be  grounded  to  the  lightning  protection  system 
at  that  point.  In  addition,  some  of  the  cabling  used  to  bond  the 
steam  pipes  wee  too  long.  They  should  be  much  more  direct.  If 
not  properly  grounded  to  the  lightning  protection  system's  ground 
girdle  with  ee  short  and  direct  a  cable  as  practical,  the  currents 
induced  on  the  steam  pipes  as  e  result  of  e  *far  field*  lightning 
or  due  to  e  direct  strike  to  the  protection  system  (because  of  the 
bond)  may  instead  flow  through  the  static  grounding  »ystem 
(especially  since  the  grounding  systems  ere  isolated)  just  as  in 
the  case  of  the  vent  pipe. 

The  vent  pipe  coming  from  the  equipment  room  penetrates  the 
roof  le^el  and  is  therefore  bonded  to  the  roof  conductors  of  the 
lightning  protection  system.  Roeever,  the  pipe  is  never  grounded 
with  the  lightning  protection  system.  Instead,  it  runs  beck 
through  the  equipment  room,  through  the  static  bus  bar  and  is 
finally  grounded  through  thu  static  ground  system.  This  is  the 
most  serious  discrepancy  noted  during  the  inspection.  Should  the 
megasine  he  struck  by  lightning  some  portion  of  the  lightning 
current  would  flow  through  *"h e  equipment  room  and  onto  the  static 
bus  her.  Since  the  propellent  drums  in  some  megasines  vere 
stacked  within  inches  of  this  bus  bar,  e  potential  for  sideflash 
exists.  This  sidef'wsh  could  be  of  sufficient  energy  to  cause 
arcing  inside  the  drum,  r- suiting  i*>  s  deflagration.  Teste 
conducted  on  LcverPak  drums  by  NSWC  also  indicate  that  this 
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internal  arcing  couli  occur  even  without  tha  sideflash.  Theta 
taata  ara  ditcutaad  in  Section  5%  Tha  want  pipe  auit  ha  grounded 
to  tha  lightning  protaction  system's  grounding  eye tan  at  its 
lowaat  external  point. 

Upon  inapection  of  tha  lightning  protection  grounding  system 
much  corroaion  waa  noted  at  joints*  etpecially  thoaa  underground. 
Tha  integrity  of  tha  primary  girdle  ahould  ha  confirmed  and  tha 
atatic  grounda  aa  wall  aa  railroad  tracka  ahould  ha  bonded  to  thia 
girdle. 

Thera  ware  other  minur  di acrtpanciea  noted.  Tha  Majority  of 
thaaa  can  ha  summarised  by  hood  wiraa  that  had  cove  apart  and  had 
not  bean  replaced.  In  general*  tha  systems  ware  not  being 
waintained  properly.  Thia  waa  thought  to  be  in  part  due  to 
improper  training  of  tha  paraonnal  conducting  the  inspactiona. 
Thoaa  talked  to  during  tha  inapection  indicated  they  ware  not  cure 
what  to  look  for  whan  inapacting  an  integral  lightning  protection 
eysteau  tie  recommended  that*  at  minimum*  thoaa  taakad  to  inspect 
the  lightning  protection  systems  be  trained  in  the  inapection  of 
integral  protection  systems. 

Finally,  tha  inapection  and  background  diacuaaion  revealed 
that  there  waa  an  in&aequate  amount  of  coordination  with  tha 
person  reaponeible  for  tha  efficient  operation  of  tha  lightning 
protection  system  (LPS)  when  aodif icationa  were  made  to  tha 
structure.  This  is  evidenced  by  tha  fact  that  the  LPS  waa  not 
properly  bonded  to  tha  hot  air  heating  system  when  installed. 
Additionally,  the  system  was  not  upgraded  to  remedy  this  condition 
when  the  magasinee  were  reroofed  even  though  the  air  terminal 
heights  were  modified  (which  was  not  as  serious  a  problem). 


As  previously  discussed,  the  mast-type  lightning  protection 
system  installed  to  protect  the  magaxine  was  designed  in  1940  and 
installed  in  1941.  Mast  heights  were  designed  such  that  tha  tip 
of  each  mast  waa  59  feet  above  deck  level.  Thia  is  exactly  twice 
the  height  of  the  structure  (26  feet).  Tha  masts  were  spaced  32 
feet  from  the  corner  of  the  atructure.  Today's  lightning 
protection  standards  require  that  the  easts  be  of  adequate  height 
to  provide  a  s ona- of- pr o tec t ion  baaed  on  a  striking  distance  of 
100  feet.  The  protection  system  In  use  at  the  time  of  the 
incident  would  not  meet  today's  s one-of-pr otec ti on  requirements. 

The  aasta  were  properly  interconnected  via  a  2/0  copper 
ground  girdle.  However,  when  excavating  the  ground  girdle  to 
ensure  there  was  no  corrosion  and  that  the  system  had  been 
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prop**)?  Uitalltd)  it  ««•  found  that  ipproxiaattly  20  font  of  the 
girdle  was  tiiaib|i  Visual  inspection  of  the  end*  of  eho  existing 
cibli  revoaled  that  tho  conductor  had  boon  cut  prior  to  tho  tine 
Of  excavation*  The  secondary  proved  girdle  vai  missing 
approximately  a  2S  foot  section  in  this  same  area*  It  is  assumed 
thaw  these  girdles  vers  probably  damagsd  when  the  railroad  tracks) 
installed  at  the  time  of  construction  were  removed* 

Current  testing  requirements  sre  not  designed  to  detect 
missing  sections  ' f  counterpoises*  Any  damage  of  this  sort  can 
only  be  datecte*  visually  and  must  be  repaired  prior  to  the 
completion  of  any  construction  project  associated  with  a  magaeine 
or  exploeives-operating  building. 

The  structural  steel  in  the  roof  was  well  interconnected. 

The  roof  was  designed  to  be  bonded  to  the  eecondaTy  ground 
girdleat  eight  placet*  however  two  of  these  bonds  were  miseingi 
one  on  the  front~left  (undetected)  and  one  on  the  rear-right 
(detected)*  The  propellant  containers  were  located  on  motel 
pallets  and  their  tops  were  approximately  4  to  5  feet  above  deck 
level*  depending  on  the  type  of  container*  The  containers  were 
grounded  through  high  inductance  contact  associated  with  the 
containers  sitting  on  pallets  which  in  turn  were  sitting  on  one  of 
the  13  rows  of  1  1/4-inch  wide  copper  mesh  cable.  These  cables 
extended*  parallel*  31  feet  toward  the  front  of  the  magasine  end 
were  bonded  to  the  ordnance  ground  running  along  the  rear  of  the 
magasine.  The  ordnance  grounding  system  had  been  recently 
replaced  and  appeared  to  be  in  good  condition  in  those  pieces  that 
were  not  damaged  by  the  deflagration.  However*  upon  invtstigation 
of  tha  ordnanca  grounding  ayatam  it  waa  found  that  tha  ,**  W  a  a  t "  bond 
to  tha  socondary  ground  girdle  waa  brokan  and  making  minimum 
contact  at  tha  connector.  However*  Navy  ragulationa  do  not 
require  that  tha  propellant  containers  be  grounded  in  a  magasine 
of  this  type. 
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4.1 


The  Army  lottd  of  Report  on  tho  DifU|tttlon  of 
Na|uio«  19L  ixaiintd  five  pr inary  sources  of  ignition  (21.  Thin 
vote  i 


(a)  (Rotate  or  Hunan  trror 

(b)  Elac trical 

(c)  Mechanical 

(d)  Chemical 

(a)  Atmoapheric 

Caeb  vaa  investigated  in  datail  and  baaad  on  conbinad 
eyewitness  testimony,  physical  evidence,  interviews,  racorda  and 
reports,  tha  Board  of  Investigation  eoncludad  that  a  lightning 
atrika  (possibly  a  diract  atrika)  vaa  tha  noat  probabla  cauaa  of 
tha  firo  on  22  fabruary  1979. 

4.2  Lik filly . AAL Bmal, nt.  Hi 

Tha  invast igation  of  tho  doflagration  of  Magaaina  198 
examined  tha  aano  fiva  Ignition  sourcas  aa  conaidarad  in  tha 
investigation  of  tha  doflagration  of  Magaaina  19L  bacauaa  of  tha 
sinilaritiaa.  In  thia  caaa,  lightning  activity  was  occurring 
innadiataly  bafora  and  aftar  tha  fira  avan  though  raporta  differ 
on  tha  praaanca  at  tha  tina  of  tha  fira.  Oparationa  had  baan 
auspandad  bacauaa  of  lightning  activity  up  until  approximately  1$ 
minutes  prior  to  the  deflagration. 

4  .3  MSMC  Muslim  1  L4 

Magaaina  1 L4  vaa  not  equipped  with  any  type  of  electrical 
service,  fira  alarm  aystam  nor  plumbing,  etc.  NOS/Xndian  Head 
(141  tasted  samples  of  propellant  lots  atoxad  in  tha  magaaina  and 
found  each  to  be  stable.  The  structural  steal  in  the  roof  trusses 
ware  found  to  be  magnetised  aftar  tha  event;  unlike  similar 
structures  checked  at  HOS/Iudian  Bead.  Tha  most  probabla  cauaa  of 
thia  deflagration  vaa  identified  as  atmospheric. 

4.4  iigvi xJLgk  ErpgLillgpt.fiflBiiijaiig 

Each  of  the  three  megasines  discussed  in  this  report  vaa 
storing  propellant  in  LeverPak  fiberboard  drums.  Tha  LeverPak 
drums  consist  of  nine  layers  of  1-ply  Kraft  Linarboard  (45  lbs/ 
1000  sq  ft)  and  one  layer  of  aluminum  foil  vapor  barrier.  The 
aluminum  barrier  consists  of  0.0005  foil  laminated  with  resin 
adhesive  between  two  plies  of  23  lbs/1000  SQ  FT  Kraft  Linerboard. 
The  aluminum  vapor  barrier  is  located  1-ply  outside  of  tha  inner 
wall  of  the  container.  An  aluminum  foil  liner  disc  is  required  on 
tha  inside  layer  of  tha  bottom  of  tha  drum.  This  liner  disc  must 
be  connected  electrically  to  tha  bottom  steel  chime.  A  1-inch 
vide,  5-mil  thick  strip  aluminum  foil  tape  is  required  in  the 
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.•’Mavy,*  druai  to  bond  tbo  Cop  and  botton  stool  chines.  Tho 
lovitfik  dr ana  otorod  in  eho  Loko  City  AAF  nagasinee  did  not  have 
this  intorior  foil  bond.  Davy  requirenanta  opocify  tbot  tho  druno 
not  exceed  S-ohns  roaiatonco  between  tho  top  ond  botton  chinoa  at 
tho  tin#  of  delivery.  However,  thoao  druna  token  fron  RStfC  earth- 
covered  nogoainoa  exhibited  much  higher  resistances  between  tho 
top  end  botton  chines  (probably  due  to  oxidation  of  the  aluninun 
surfaces) . 

Under  current  inpulse  conditione  the  interior  eluninun  foil 
strip  would  probably  vaporise  and  internal  arcing  ia  also  likely 
to  occur.  Teats  run  at  BSVC/Dahlgren,  Virginia  repeatedly 
vaporised  this  interior  foil  strip  using  only  50  anperes  ac  (AO 
It)  current  (121. 

Opon  exanitiation  of  the  construction  drawings  end  neking  none 
DC-real  stance  neaeuranente,  MSWC  Code  H12  felt  that  the  containers 
nay  also  be  susceptible  to  internal  arcing  due  to  rapidly  changing 
(high  di/dt)  currents  as  well  as  the  high  peak  currents  that  would 
vaporise  the  internal  foil  atrip.  As  a  result,  electrostatic 
discharge  (BSD)  teats  were  conducted  on  the  druna.  The  results  of 
these  tests  ere  forwarded  in  Section  5. 


1070 


5. 


mmfl£IAII£^I££ilA£££._I££IIll£_££-Ji£i£MA£_fi£illlfi 


In  an  effort  to  investigate  the  significance  of  the  presence 
of  LeverPak  drums  in  both  the  February  1979  and  September  1984 
Lake  City  AAP  incidents  as  well  as  the  12  July  1985  Dahlgren 
incident,  NSWC  Code  H12  conducted  both  direct  electrostatic 
discharge  (BSD)  and  nearby  BSD  tests  on  a  sample  of  16  of  the 
LeverPak  drums  that  were  in  use  in  NSWC/DL  earth-covered 
magazines.  These  drums  were  provided  by  the  NSWC  Ordnance  Officer 
(Code  G01/CDR  T.  W.  Moore)  for  these  follow-up  tests  as  proposed 
in  NAVSWC  Message  16190QZ  September  1985  (17]. 

Lake  City  AAP  also  provided  NSWC  Code  Hi  2  with  a  sample  of 
the  type  of  LeverPak  drums  that  in  both  Magazines  19L  and  19S  at 
the  time  of  their  respective  deflagrations.  These  drums  are 
similar  to  the  drums  stored  in  the  NSWC  magazine  with  the 
exception  that  the  ."Army."  drums  have  no  aluminum  foil  bottom  nor 
aluminum  foil  strip  bonding  the  top  and  bottom  chimes. 
Additionally,  the  Army  containers  sampled  were  in  much  better 
condition  than  the  drums  pulled  from  NSWC  magazines.  Based  on 
resistance  measurements  made  with  a  Beckman  HD-100  Digital 
Multimeter  (  DMM)  ,  the  Lake  City  AAP  drums  exhibited  less  evidence 
of  internal  oxidation  around  the  aluminum  crimp  points  than  the 
older  "Navy"  drums  tested. 

In  the  remainder  of  this  report  the  term  "Navy"  drum  will 
refer  to  the  LeverPak  drums  which  include  both  the  foil  bottom 
(internal)  md  the  internal  foil  strip  bonding  the  to  and  bottom 
chiaes.  Correspondingly,  the  term  "Army"  drums  will  refer  to  the 
LeverPak  drums  furnished  by  Lake  City  AAP  which  have  the  same 
aluminum  foil  vapor  barrier  buried  in  the  wall  but  do  not  have  the 
internal  foil  bottom  nor  the  internal  strip  bonding  the  top  and 
bottom  chimes. 

5 . 1  l£A£_i£Jlli£iiXAiixlJQ 

The  NSWC  Electrostatic  Discharge  (ESD)  Test  Laboratory 
(Building  276)  was  used  to  subject  the  LeverPak  drums  to  both 
direct  and  radiated  electromagnetic  impulses  (EMP)  generated  by  a 
high-voltage  discharge  from  a  Hipotronics  Model  IG400-4  Impulse 
Generator.  The  Impulse  Generator  consists  of  a  bank  of  4  x  2000 
picofarad  capacitors  charged  to  100,000  volts  DC  (100  kV)  while 
interconnected  in  parallel  and  then  switched  to  a  series 
combination  immediately  prior  to  their  discharge  (as  per  a  Marx 
Generator)  resulting  in  an  impulse  voltage  of  up  to  400  kV.  The 
output  of  the  Impulse  Generator  is  than  connected  across  a  2000 
picofarad  capacitive  divider  for  waveshaping  and  output  voltage 
monitoring.  The  load  is  then  connected  across  the  capacitive 
divider. 
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5.2 


A  total  of  16  "Navy- type1*  LeverPak  drums  were  tested  in  a 
variety  of  conf igurations.  The  druua  were  subjected  to  both 
direct  and  nearby  (indirect)  BSD  impulses.  In  each  case  the  DC- 
resiatance  measured  between  .he  top  locking  ring  and  the  bottom 
chime  (using  a  Beckman  HD100  Digital  Multi  meter  (DMM))  decreased 
to  a  short-circuit  value  after  a  direct  discharge  as  shown  in 
Table  2.  This  change  ir  resistance  suggested  that  sparking  was 
present  which  "v  elded"  a  small  contact  area  between  the  foil 
strip  or  vapor  barrier  and  the  top  and  botvom  chimes. 

Another  group  of  "Navy"  drums  were  subjected  to  radiated  BMP 
tests.  The  Impulse  Generator  was  discharged  through  a  100-ohm 
resistor  terminated  through  approximately  4  feet  of  1  1/4-inch 
wide  copper  mesh  vertical  conductor.  In  most  cases  the  drums  were 
isolated  from  the  discharge  circuit  by  one  to  two  inches  with  the 
largest  spacing  being  approximately  5  inches.  In  all  cases  the  DC 
resistance  decreased  to  a  short  circuit  value  after  being 
subjected  to  impulse  voltages  ranging  in  value  between  360  and  400 
kV. 


In  one  case  a  drum  was  isolated  from  the  vertical  conductor 
by  a  distance  of  1 2 . 5  feet  and  "shielded"  by  a  second  drum  only  1- 
inch  away.  The  DC  resistance  of  the  drum  decreased  from 
approximately  750  kiloohms  to  44  ohms.  After  a  second  discharge, 
also  "shielded,"  by  a  second  drum,  the  resistance  of  the  drum 
decreased  from  the  44  ohms  to  that  of  a  short  circuit.  The  EMP 
produced  by  two  separate  discharges  was  adequate  to  short  the  drum 
even  though  it  was  never  closer  than  12.5  feet  to  the  impulse 
source . 

In  another  sequence  of  tests,  a  total  of  three  drums  were 
isolated  from  the  ground  plane  by  1-inch  by  1-inch  wooden  blocks 
and  then  subjected  to  an  impulse.  The  spacing  between  the  drums 
and  the  vertical  channel  wa6  2-inches  in  a l1.  three  cases.  The 
purpose  of  this  sequence  of  tests  was  to  determine  whether  the 
arcing  (or  fusing)  was  less  likely  to  occur  if  the  drums  were  not 
grounded.  In  two  of  the  three  tests,  the  impulses  resulted  in  the 
shorting  of  the  top  and  bottom  chimes. 

A  final  sequence  of  tests  was  conducted  on  some  of  the  "Navy" 
drums  after  removal  of  the  interior  foil  strip.  In  each  case  the 
drums  were  shorted  even  though  the  internal  bonding  strip  had  beeu 
removed.  Such  tests  provided  a  possible  link  between  the  Dahlgren 
and  Lake  City  incidents  and  justified  the  decision  to  do  a  series 
of  tests  on  the  "Army"  type  LeverPak  drums.  Test  results  for  the 
radiated  discharge  tests  are  forwarded  in  Table  3. 

5.3 

Lake  City  Army  Ammunition  Plant  shipped  a  total  of  twelve  of 
the  "Army"  LeverPak  drums  to  the  NSWC/Dahlgren  Laboratory  for 
electrostatic  discharge  (BSD)  testing.  Six  of  the  drums  were  of 
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similar  sice  as  the  drums  in  the  Dahlgren  magazine  (27-inches  tall 
by  16-inches  ir  diameter).  The  other  six  were  of  similar  design 
to  the  other  ."Army"  units,  but  smaller  in  size  (23-inches  tall  by 
14. 5-inches  diameter). 

The  “Army,"  drums  were  in  much  better  condition  than  the 
"Navy"  drums  tested.  The  drums  were  electrically  "new"  although 
they  had  been  used  and  were  scheduled  for  disposal.  No  evidence 
of  corrosion  or  oxidation  could  be  detected  in  the  "Army"  drums. 
Because  of  this,  the  DC  resistance  of  the  "Army"  drums  was 
generally  much  less  than  that  cf  the  "Navy"  drums  even  though  the 
"Navy"  drums  had  an  internal  aluminum  strip  bonding  the  top  and 
bottom  chimes  (which  the  "Army"  drums  did  not  have). 

The  "Army"  drums  were  all  subjected  to  the  radiated  ESD 
te 8 1 s .  All  d *  urns  were  placed  on  the  ground  plane,  spaced  1-inch 
from  the  vertical  conductor. 

Table  4  forwards  the  results  of  these  tests  conducted  on  the 
"Army"  drums  on  27  and  29  November  1985.  Drum  size  "A"  refers  to 
the  27-inch  tall  drum  with  drum  size  "B"  referring  to  the  23 -inch 
tall  drums.  The  pre-resistance  (Rpr§)  values  reflect  the  DC 
resistance  measured  between  the  locking  ring  and  the  bottom  chime 
after  the  drum  has  been  installed  in  the  test  cell,  immediately 
prior  to  the  impulse.  The  post-resistance  (Rpost)  values  reflect 
the  DC  resistance  measured  at  the  same  points  as  before  the 
impulse;  taken  prior  to  removal  of  the  drum  from  the  test  cell. 
These  values  reflect  the  resistance  values  after  compensation  for 
any  offset  of  the  Beckman  HDJOO  DMM  used  to  make  such 
measurements . 

The  first  series  of  tests  (Tests  1-12)  were  conducted  on  the 
drums  as  received.  As  shown  in  the  table,  each  drum  was  shorted 
after  being  subjected  to  a  single  impulse  whose  voltage  peak 
ranged  in  value  between  350  and  400kV. 

In  an  effort  to  determine  the  extent  of  internal  fuzing, 
shock  tests  were  conducted  on  those  drums  previously  tested  to  see 
if  an  increase  in  resisitance  could  be  achieved.  The  theory 
behind  such  tests  would  be  to  confirm  that  the  shorting  of  the 
drums  was  due  to  internal  arcing  that  fuzed  the  vapor  barrier  ami 
chimes  together  at  a  small  surface  area.  If  so,  one  should  be 
able  to  break  this  contact  point  with  a  proper  amount  of  physical 
shock.  The  drums  were  taken  out  onto  a  concreate  dock  and 
"dropped"  along  the  top  and  bottom  chimes.  In  all  cases  the  drums 
increased  in  resistance  after  being  subjected  to  physical  shock; 
and  in  all  but  one  case  the  resistance  was  greater  than  or  equal 
to  its  original  resistance  value. 
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_E£gj(oh«») 

1 

10.5 

0.0 

3  6  OkV  &  400kV 

2 

20.2 

0  .0 

3  20kV 

3 

0.3 

o 

. 

o 

200kV 

4 


4 
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TABLE  3 


RADIATED  DISCHARGE  TESTS  ON  "NAVY*1  DRUMS 


(100  ohm 

Load  Resistance  with 

1-inch  Vertical  Strap) 

TEST  # 

DRUM  # 

RpRE(°hmS> 

R 

POST^ohms^ 

-DISCHARGE  COMMENTS 

1 

3 

1” 

0.8 

0.1 

200kV 

&  200kV 

2 

4 

!" 

2.2 

0.2 

384kV 

&  200kV 

3 

13 

1" 

202 

0.0 

400kV 

4 

11 

1” 

256K 

0.1 

360kV 

5 

6 

1" 

0.2 

0.0 

400kV 

6 

6 

1" 

3.2M 

0.1 

384kV 

Removed  in¬ 
ternal  strip 

7 

6 

1" 

>20M 

0.2 

400kV 

"Banged  Out" 

7 

15 

12.5' 

10M 

10 

400kV 

8 

3 

2" 

44K 

26K 

384kV 

Internal 
strip  re¬ 
moved 

8 

15 

12.5’ 

8.4 

0.1 

384kV 

9 

7 

1.5" 

5-6M 

>20M 

376kV 

Isolated  by 

1"  wood 
blocks 

10 

7 

1.5" 

>20M 

0.0 

384kV 

On  gnd  plane 

11 

5 

l"-2" 

1 .  OK 

0.2 

400kV 

Isolated  by 

1"  wood 

11 

7 

2" 

200K 

0.1 

400kV 

♦Internal 
strip  removed 

12 

5 

5" 

17M 

0.2 

400kV 

Isolated 

12 

7 

5" 

440K 

0.1 

400kV 

Internal 
strip  removed 

*PDRUM  WAS  SHORTED  EVEN  AFTER  STRIP  BROKEN.  SHOCKED  TO  GET  RESISTANCE  >  0 


TABLE  4. 

SUMMARY 

OF  ELECTROSTATIC  DISCHARGE  TESTS  CONDUCTED 

ON  DRUMS 

FURNISHED 

BY  LAKE  CITY 

AAP 

TEST  NO. 

DRUM  NO 

.  Slsea 

rprec 

rpostc 

Discharge 

1 

Al 

A 

0.4 

0.0 

400kV 

2 

A2 

A 

0.3 

0.0 

376kV 

3 

A3 

A 

9.2 

0.0 

368kV 

4 

A4 

A 

2.7 

0.0 

352kV 

5 

A5 

A 

0.3 

0.0 

400kV 

6 

A6 

A 

0.2 

0.0 

400kV 

7 

A7 

B 

0.4 

0.0 

392kV 

8 

A8 

B 

0.6 

0.0 

368kV 

9 

A9 

B 

00 

• 

00 

o 
* » 

o 

384kV 

10 

A10 

B 

258 

0.0 

352kV 

11 

All 

B 

o 

• 

O' 

0.0 

368kV 

12 

Al  2 

B 

0.5 

0.0 

360kV 

13 

Al 

A 

0.5 

o 

• 

o 

384kV 

14 

A2 

A 

>20M 

>20M  ** 

400kV 

15 

A2 

A 

>20M 

0.0 

360kV 

16 

A3 

A 

9.0 

0.0 

400kV 

17 

A4 

A 

54 

0.0 

400kV 

18 

A5 

A 

22.8 

0.0 

400kV 

19 

A6 

A 

1.1 

0.0 

400kV 

20 

A7 

B 

0.7 

0.0 

400kV 
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21 

A8 

B  0.6 

0.0 

400kV 

22 

A9 

B  1.7 

0.0 

400kV 

23 

A10 

B  2 .3 

0.0 

400kV 

24 

All 

B  0.8 

0.0 

400kV 

25 

A12 

B  2.0 

o 

. 

o 

400kV 

a.  Sise  A  ■  2  /  inches  tall  x  16  inches  dia,  Sise  B  *  23  inches 
tall  x  14.5  inches  dia. 

Rpr s  are  resistance  values  recorded  a£ter  the  drum  was 
installed  in  the  test  cell  just  before  the  discharge. 

c*  Rpoat  resistance  values  recorded  after  the  discharge 

prior  to  removal  of  drum  from  test  cell.  All  values  have  been 
compensated  for  any  sero  offset  of  digital  mul ti-meter. 


Tests  Ho*  13  through  23  forward  the  results  of  this  second 
series  of  tests*  In  all  but  one  case  during  this  series  of  tests* 
the  drums  were  egain  shorted.  Prior  to  Test  No.  14,  shorted  drum 
(A2)  vus  taken  out  ot  the  concrete  dock  and  dropped  on  the  top  and 
bottom  chimes*  As  in  each  case  during  the  second  series  of  tests, 
the  drum  was  shocked  with  its  top  and  locking  ring  attached.  The 
resistance  of  drum  A2  was  measured  and  found  to  exceed  the  limits 
of  the  multimeter  being  used  (20  megohms).  The  drum  was  brought 
into  the  test  cell,  the  resistance  measured  and  found  again  to 
exceed  20  megohms.  After  an  impulse  voltage  of  4Q0ky  peek  (1-inch 
sway)  the  drum  still  exhibited  a  resistance  of  greater  than  20 
megohms.  Between  Test  No.  14  and  13  the  top  of  the  drum  was 
removed  and  resealed.  The  locking  ring  was  reinstalled,  the 
resistance  again  measured  and  found  to  be  greater  than  20  megohms. 
Test  No.  13  was  conducted;  subjecting  the  same  drum  to  a  eOOkV 
peak  impulse.  After  this  second  impulse.  Drum  A2  was  found  to  be 
shorted. 


3.4  sJimiABX. -Qi . .a&p-x&si juamifi 

In  summary,  all  drums  tested  in  both  ''Army.1'  and  ‘‘Navy** 
configurations  were  decreased  in  resistance  after  being  subjected 
to  two  discharges  from  the  Hipotronics  IG400-4  Impulse  Generator. 
In  most  cases  this  shorting  occurred  after  only  a  single  impulse. 
It  is  postulated  that  the  decrease  in  resistance  between  the  top 
and  bottom  of  the  drums  was  caused  by  internal  arcing  between  the 
top  chime  and  the  vapor  barrier  buried  in  the  wall  of  the  drum  and 
betwef'  the  vapor  barrier  and  the  bottom  chime.  This  arcing  is 
signit*.cant  because  it  is  most  likely  to  occur  in  the  creases 
along  the  top  and  bottom  chimes  where  explosives  dusts  or 
volatiles  (ether,  etc.)  are  more  likely  to  be  present.  Hudson 
( 1 8 j  confirmed  that  explosives  concentrations  can  be  present  in 
the  LeverPak  drums.  An  Army  study  conducted  for  Indiana  Army 
Ammunition  Plant  identified  that  as  little  as  0.13  milliJoules  is 
required  tr  initiate  vapor/air  mixtures  that  cou?d  be  present  in 
the  Levertax.  drums  ( 1 9  J  •  Both  sources  identified  that  aging  of 
the  propellant  and  subjecting  the  propellant  to  temperatures 
exceedin,  100CF  were  factcrs  that  would  increase  the  concentration 
of  volar?  it  in  the  container.  In  the  Dahlgren  incident  there 
were  sobk  ..everPak  drums  that  may  not  have  been  opened  for  up  to 
10  years.  during  the  survey  of  the  “19  Area,"  magasines  the  author 
noted  temperatures  exceeding  100°F  in  a  few  of  the  magasines.  The 
Army  Board  of  Investigation  Report  on  the  13  September  1984 
incident  rep  rted  a  temperature  of  103°F  in  Magasine  19S  the 
evening  of  t..e  incident  (1).  NSWC  recommended  by  message  on  16 
September  M85  that  LeverPak  containers  be  removed  from  all  Navy 
above-greun..  magasines  1 1 7  i  •  Test  results  support  this 
recommendation.  It  is  even  more  critical  that  the  drums  be 
removed  from  those  above-ground  magasines  that  have  no  lightning 
protection  or  have  an  integral  lightning  protection  system. 
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After  reviewing  Army  Board  of  Investigation  report*, 
inspecting  the  lightning  protection  systems,  and  conducting  high 
voltage  BSD  tests  on  containers,  we  conclude  that  the  13  September 
1984  and  most  likely  the  22  February  1979  magasine  deflagrations 
were  lightning-related.  Lightning  currents  were  induced  onto  the 
integral  protection  system's  grounding  system  either  by  a  direct 
strike  or  by  the  radiated  electromagnetic  pulse  produced  by  nearby 
lightning.  The  current  impulse  would  be  divided  between  the 
primary  grounding  system  and  the  static  grounding  system  because 
of  the  bond  to  the  vent  pipe  (which  was  not  grounded  with  the 
lightning  protection  system).  This  current  impulse  would  flow 
through  the  equipment  room  and  onto  the  static  bus  bar  where  it 
vo;tld  find  “ground,"  (0-volt  potential).  HSWC  tests  have  confirmed 
that  when  impulsed  the  LeverPak  drums  would  decrease  in 
resistance,  implying  internal  sparking.  With  temperatures 
exceeding  100°F  in  the  magasine,  it  is  concluded  thrt  an  explosive 
vapor  would  be  present  in  the  drums[18j.  The  sparking  could 
easily  be  of  sufficient  energy  to  cause  ignition  of  the  internal 
gases.  The  resulting  deflagration  could  then  occur. 

Adequate  data  also  exists  to  conclude  that  the  12  July  198$ 
deflagration  of  NSWC/Dahlgren  Magasine  1 L4  was  caused  by  a 
lightning  discharge.  A  low-energy  c loud- to-ground  discharge 
probably  struck  the  second  ventilator  from  the  East  wall.  The 
resulting  return  stroke  was  significant  to  produce  a  sideflash  to 
a  LeverPak  propellant  container  or  produce  magnetic  fields  of 
significant  magnitude  to  induce  arcing  inside  a  LeverPak 
container. 

Sparking  inside  the  LeverPak  container  probably  ignited  ether 
gas  or  propellant  dusts  in  one  of  the  drums.  A  resulting  fire 
could  cause  a  major  deflagration. 

In  none  of  tae  three  incidents  did  an  eyewitness  report  a 
direct  strike  to  the  structure  prior  to  its  deflagration. 

Sparking  inside  LeverPak  containers  would  not  require  a  direct 
strike  based  on  the  ESD  test  data  forwarded  in  Tables  2-4. 

The  integral  lightning  protection  systems  for  the  "19  Area," 
magazines  at  Lake  city  AAP  met  the  requirements  at  the  time  of 
installation  (based  on  the  UL  Master  Label).  However,  when  the 
hot  air  (steam)  heating  system  was  installed  the  steam  lines  and 
vent  pipe  were  bonded  to  the  lightning  protection  system  but  not 
properly  grounded.  Both  the  steam  lines  and  vent  pipe  must  be 
bonded  to  the  lightning  protection  system  ground  girdle  as 
identified  in  Section  3.  Additionally,  the  railroad  tracks  must 
be  grounded  as  per  AMCR  3 85-1001 8j,  Chapter  8-17  and  bonded  to  the 
lightning  protection  ground  girdle. 
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The  d own  conductors  contained  «n  tscttiivs  number  of  bonds  and 
In  atay  cooos  hod  pockets  so  per  MFPA  78-1983  Section  3*14  end 
bonds  that  contained  bend  radii  much  leas  than  the  8-inch  radius 
specified.  These  discrepancies  should  be  eliminated  immediately. 

The  primary  (lightning  protection)  ground  girdle  should  be 
verified  to  be  free  of  corrosion.  A  secondary  ground  girdle 
should  also  be  added  to  interconnect  the  structural  grounds  and 
static  grounding  systam.  These  two  girdles  must  be  tied  together 
whan  installed. 

The  inspection  also  revealed  that  those  people  tasked  to 
inspect  the  lightning  protection  systems  were  not  properly  trained 
and  were  not  sure  what  to  look  for  when  conducting  the  inspection. 
These  personnel  must  receive  proper  training  in  lightning 
protection  prior  to  their  conducting  any  inspections  in  order  to 
ensure  the  systems  are  properly  maintained.  This  is  especially 
critical  when  integral  protection  systems  are  ured. 

Neither  the  testing  techniques  recommended  by  NAVSEA  OP-5  (51 
nor  AMC&  385-100(8]  was  found  not  to  be  adequate  to  detect  broken 
ground  girdles  or  broken  cables  when  the  break  is  not  visual  (such 
as  underground).  The  multiple  number  of  bonds  to  the  girdle 
provide  many  parallel  paths  to  ground  and  can  mask  any  open 
circuits.  However.  NSNC  Hsgssine  1 L4  had  one  bond  from  the  roof 
to  the  secondary  girdle  on  the  rear  that  had  been  missing  for  a 
long  period.  The  conductor  was  identified  as  a  teat  point  on  the 
ground  system  test  record.  The  records  show  the  conductor  had 
been  missing  for  5  years  and  it  had  not  been  repaired;  which  is  a 
violation  of  NAVSEA  OP-5.  Chapter  4-9.2 .5.  The  Heat  bond  between 
the  ordnance  grounding  system  and  the  secondary  girdle  was  broken 
at  the  interconnection  between  the  No.  4  AWG  solid  cable  coming 
from  the  interior  of  the  magasine  to  the  2/0  stranded  copper  cable 
that  entered  the  ground  and  made  contact  with  the  secondary 
girdle.  The  ordnance  grounding  system  had  been  recently  replaced 
and  had  net  been  tested  since  completion  of  the  task. 

In  summary,  it  must  be  emphasised  that  the  required  7  month 
visuel  tests  on  lightning  protection  systems  are  as  important  as 
electrical  testa  required  every  14  months.  It  is  also  important 
that  all  bonds  accessible  be  physically  shaken  to  ensure  they  have 
not  been  broken.  The  teat  results  must  be  forwarded  to  the  person 
responsible  for  the  efficient  operation  of  the  lightning 
protection  systems  so  repairs  can  be  made.  These  repairs  must  be 
made  in  a  ."timely,"  manner. 

Finally,  it  was  found  during  this  investigation  that,  even 
though  not  required,  the  majority  of  Navy  facilities  ground 
propellant  containers  in  magasine*  with  ordnance  grounding  systems 
which  ere  designed  to  requirements  based  on  production  facilities. 
In  aagasines  with  no  electrical  service  it  is  recommended  that 
multiple  bonds  to  the  secondary  girdle  be  made  vice  the  single¬ 
point  grounding  system  specified  by  NAVSEA  OP-5  for  production 
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facilities.  It  is  rtcosstndtd  that  MAV8BA  and  the  Army  Material 
Command  raviaw  currant  magaaina  grounding  requirements  and  clarify 
to  ordnance  facilities  whether  containers  in  magaainet  should  be 
grounded  and,  if  so,  how* 

6 .2  IgcjBBtttttiAt  lam 

In  order  to  adequately  protect  structures  housing  explosives 
froa  the  effects  of  lightning,  the  containers  in  which  the 
explosives  aaterials  are  stored  suet  be  considered.  Some  designs 
of  propellant  storage  containers  are  aore  susceptible  to  radiated 
magnetic  fields  than  others. 

Based  on  the  results  of  B8D  tests  conducted  on  LeverPak 
propellant  containers,  HSWC  recoaaends  that  LeverPak  bulk 
propellant  containers  be  gradually  purged  froa  the  DOD  inventory. 
In  the  interim,  we  recoaaend  that  these  containers  be  stored  only 
in  ear th-covered ,  Class  I  aagas ineu l 5 J . 

It  is  recoaaended  that  the  Lake  City  AAP  "19  Area1'  nagaaines 
be  protected  with  a  mast  or  overhead~*wire  lightning  protection 
system.  By  isolating  the  protection  system  from  the  structure, 
the  effect  of  the  radiated  BMP  froa  the  strike  is  minimised. 
Additionally,  the  inspection  of  such  a  system  is  simpler  and  the 
amount  of  maintenance  is  generally  reduced. 
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plant/base  should  identify  a  person  as  responsible  for  the 
ent  operation  of  all  lightning  protection  systems.  This 
must  he  trained  in  the  protection  of  structures  housing 
ivee.  Having  .eceived  proper  training,  this  person  should 
all  modifications  to/around  a  structure  with  s  lightning 
tion  system  to  determine  whether  the  modification  will 
the  lightning  protection  of  the  structure  and,  if  so,  must 
t  the  site  during  and  after  the  modification  to  ensure  the 
tion  system  was  not  compromised. 
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Prepositioning  and  Rapid  Deployment 
New  Challenges  in  Ammunition  Storage 

Thomas  P.  Lighthiser 

Chief,  Logistics  Review  and  Assistance  Office 
U.S.  Army  Defense  Ammunition  Center  and  School 
ATTN:  SMCAC-AV 
Savanna,  IL  61074-9639 

Prepositioning  of  ammunition  in  0C0NUS  locations  and  storage 
of  ammunition  for  rapid  deployment  represents  a  significant 
departure  from  traditional  storage  configurations  within  the 
continental  limits  of  the  United  States  and  overseas  as  well. 

Traditional  storage  facilities  and  procedures  are  contrasted 
with  recent  requirements  resulting  from  prepositioning  and 
rapid  deployment. 


Good  Afternoon.  I  am  Tom  Lighthiser,  a  Logistics  Management  Specialist 
employed  at  the  U.S.  Army  Defense  Ammunition  Center  and  School,  Savanna, 
Illinois.  For  the  next  20  minutes  1  will  briefly  describe  relatively  recent 
changes  that  have  occurred  in  ammunition  storage  in  the  Army  throughout  the 
world. 

No  country  in  the  world,  the  United  States  included,  can  possibly  produce, 
ship,  and  store  all  material  required  to  support  a  conflict  at  all 
potential  locations.  Although  conflicts  have  prompted  us  to  position 
significant  force  structure  in  Europe  and  Korea,  the  success  of  the  United 
States  it.  the  future  may  well  rest  upon  the  prepositioning  of  materiel  and 
the  ability  to  rapidly  deploy  our  fighting  forces. 

In  order  to  establish  a  baseline  understanding  of  the  more  traditional 
ammunition  storage,  I  will  first  describe  and  depict  wholesale  and  retail 
ammunition  storage  in  the  United  States  followed  by  a  brief  discussion  of 
storage  overseas.  I  will  then  briefly  discuss  prepositioning  of  ammunition  and 
storage  for  rapid  deployment. 

Army  ammunition  is  stored  within  the  continental  limits  of  the  United  States  at 
12  PESCOM  depots  and  depot  activities,  and  numerous  AMCCOM  plants  and  arsenals 
at  which  the  ammunition/explosives  are  produced.  We  refer  to  this  as  wholesale 
storage,  as  the  ammunition  accountability  is  maintained  by  the  respective  NICP, 
AMCCOM,  OR  MICOM,  or  remains  in  the  industrial  base.  There  are  exceptions  zo 
certain  depots  storing  retail  ammunition  designated  for  rapid  deployment.  The 
ammunition  stored  in  depots  and  plants  is  characterized  hy  large  lot  sizes  and 
standard  storage  facilities  are  used.  Within  the  depot  complex,  we  have  in 
excess  of  10,300  storage  facilities  while  the  ammunition  plants  have 
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approximately  the  same  number.  Over  2,000,000  S/T  of  ammunition  is  presently 
stored  in  the  wholesale  storage  base.  The  slides  that  follow  depict  typical 
depot/plant  ammunition  facilities  and  storage: 

Stradley  Magazine 
Above-ground  Magazine 

Navy  5"  Gun  Ammunition  In  An  Army  Igloo  Magazine 
AF  MK84  2000#  Bombs  In  An  Army  Stradley  Magazine 
Palletized  Boxed  Ammunition  In  An  Army  Igloo  Magazine 
155MM  Projectiles  in  Navy-Type  Earth-covered  Magazine 

Additional  ammunition  is  stored  at  the  posts,  camps,  and  stations  subordinate 
to  FORSCOM  and  TRADOC  where  it  is  used  for  training  purposes,  and  to  a  limited 
extent,  consists  of  storage  of  unit  basic  load  (UBL)  ammunition,  some  of  which 
is  rigged  for  aerial  delivery  and/or  airlift.  This  ammunition  is  referred  to 
as  retail  in  that  the  unit  having  custody  of  the  ammunition  is  also  accountable 
for  it.  As  you  might  expect,  this  ammunition  represents  much  smaller 
quantities,  and  generally  consists  of  a  greater  mix.  The  training  ammunition 
is  tailored  to  the  specific  training  requirements  while  the  UBI.  is  based  upon 
specific  weapons,  densities,  rates,  mission,  etc.  Ammunition  storage  facilities 
in  the  posts,  camps,  and  stations  vary  in  size  and  construction  from  wooden  and 
metal  magazines  built  prior  to  World  War  II  to  the  latest  magazine  design.  The 
ammunition  stored  is  generally  limited  to  several  hundred  short  tons  represent¬ 
ing  the  annual  training  requirement  and  U3L.  The  following  slides  depict 
typical  facilities  and  storage  in  the  posts,  ramps,  and  stations: 

Non-Standard  Earth-covered  Magazine 
Non-Standard  Earth-covered  Magazine 

Underground  Magazine  Previously  Used  For  Special  Weapons 
Boxed  Ammunition  In  Wooden  Magazine 
Small  Lots/Light  Boxes 
Unit  Basic  Load 

The  U.S.  Army  stores  significant  quantities  of  cmmunition  outside  the 
continental  limits  in  depots  in  Germany,  England,  Italy,  Belgium,  Japan,  and 
Korea.  Although  not  wholesale  stock,  poi  se,  the  Army  has  wholesale-like 
ammunition  identical  to  the  stocks  stored  in  the  CONUS  depots  and  plants,  and 
it  is  characterized  by  large  quantities  and  large  lots.  Unlike  the  uniformity 
in  storage  structures  that  exists  within  the  United  States,  storage  facilities 
in  overseas  areas  were  often  built  by  the  host  country  according  to  their 
specifications  and  are  as  varied  as  there  are  countries  involved.  The  variety 
of  storage  structures  utilized  in  overseas  depots  is  shown  in  the  following 
slides : 


Type  16  Magazine  -  Germany 

Aerial  View  Of  CADA  And  U.S.  Constructed  AGM  -  United  Kingdom 
AGM  CADA  -  United  Kingdom 

155MM  Projectile  Storage  In  British  Box  Magazine 
AGM  -  Italy 

U.S.  Stradley  Magazine  -  Italy 
Prop  Charges  -  Italy 

Boxed  Ammunition  In  German  Stradley  -  Belgium 
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Hillside  -  Korea 
ECM  -  Korea 

1950  Vintage  Quonset  Hut  -  Korea,  most  of  which  are  rapidly 
disappearing 

New  Stradley-Type  Magazine  -  Korea 
Cave  -  Japan 
Cave  -  Japan 

The  ammunition  overseas  comparable  to  the  retail  level  stock  within  the  CONUS 
at  the  posts,  camps,  and  stations  is  stored  in  Ammunition  Supply  Points  (ASPs), 
Prestock  Points  (PSPs),  Reserve  Ammunition  Supply  Points  (RASPs),  Basic  Load 
Storage  Areas  (BLSAs),  Ammunition  Holding  Areas  (AHAs),  Quick  Reaction  Sites 
(QRSs),  Forward  Storage  Sites  (FSTs),  etc.,  located  at  the  various  overseas 
locations.  This  ammunition  is  very  similar  to  the  retail  stock  within  the 
CONUS  excer  that  much  of  it  is  UBL  that  is  positioned  at,  or  in  close 
proximity  to,  its  potential  point  of  use  along  the  border  in  eastern  Germany  or 
along  the  DMZ  ir  South  Korea. 

As  indicated  earlier,  a  great  variety  of  structures  exist  in  the  overseas 
theaters.  In  recent  years,  the  United  States  has  constructed  numerous  standard 
magazines  overseas  and  has  even  developed  specially  designed  facilities  to 
permit  rapid  re-supply  in  a  forward  area.  The  QRSs  in  Germany  are 
representative  of  specially  designed  structures  compatible  with  specific 
weapons  systems.  A  self-propelled  M109  155mm  Howitzer  is  shown  returning  to  a 
QRS .  The  QRS  consists  of  earth-covered  magazines  having  a  common  headwall  and 
doors  on  both  ends,  whereas  the  smaller  shed-type  buildings  were  designed  to 
store  specific  unit  loads  of  tank  and  artillery  ammunition.  The  dock  heights 
are  compatible  with  specific  tracked  vehicles  and/or  tanks. 

The  next  series  of  slides  will  depict  storage  conditions  for  UBLs  in  Korea  and 
Germany.  The  UBL  storage  depicted  are  the  same  types  of  ammunition  and 
configurations  that  you  will  see  later  in  rapid  deployment  UBL  stocks  stored  at 
various  installations,  both  posts,  camps,  stations,  and  depots  within  the 
continental  limits.  The  primary  difference,  of  course,  lies  in  the  geography 
as  the  UBL  ammunition  overeseas  is  positioned  near  its  anticipated  point  of  use, 
whereas  the  UBL  in  the  CONUS  is  configured  for  rapid  movement  to  any  location 
in  the  world  where  it  may  be  required. 

The  slides  that  follow  depict  typical  AHAs  in  Korea: 

Tank  Park 
M113  APC  AHA 
Trailer  Mounted  UBL 

Engineer  Battalion  UBL  Trailer  Mounted 

155MM  Howitzer  AHA 

155MM  Howitzer  AHA 

ADA  UBL  AHA 

Aerial  View  AHA 

Aerial  View  AHA 
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The  next  series  of  slides  depict  tank  parks  and  BLSAs  in  Germany: 

Tank  Park 
Artillery  BLSA  UBL 
Artillery  Trailer  Mounted 
Artillery  BLSA 
Artillery  BLSA 
Bulk  Storage 

Open  Storage  UBL  In  Winter 

The  Explosive  Safety  Standards  that  govern  ammunition/exploaive  storage 
throughout  the  Army  evolve  from  the  DOD  6055.9  STD  as  shown  in  the  slide.  The 
DOD  standard  is  prescribed  within  the  Army  by  AR  385-64  which  is  further 
implemented  by  TM  9-1300-206,  and  AMC-R  385-100.  In  some  areas,  additional 
criteria  is  used  when  required  by  the  host  nation,  e.g.,  the  NATO  standards  are 
used  in  Germany.  In  recent  years,  the  storage  requirements  at  the  retail 
level,  particularly  as  they  apply  to  UBL  storage,  have  been  changed  to  reflect 
criteria  that  is  more  permissive  when  operational  considerations  violate  the 
prescribed  standard. 

The  pre-positioning  of  United  States  equipment  in  Europe  began  in  the  60s  in 
response  to  United  States  and  European  concerns  that  forces  in  the  theater  were 
inadequate  to  meet  the  WARSAW  Pack  Threat.  The  Army  has  met  the  threat  with 
heavy  equipment  for  four  divisions  and  supporting  units  and  is  currently 
pre-positioning  more  materiel  in  the  European  area.  The  levels  of 
pre-positioned  munitions,  however,  continue  to  fall  short  of  objectives.  The 
United  States'  goal  is  to  possess  sufficient  war  reserve  stocks  to  sustain 
wartime  activity  until  industrial  production  can  provide  the  required  support. 
The  long-range  goal  is  to  correct  the  NATO-WaRSAW  Pack  sustainability  imbalance 
by  the  1990s. 

The  Soviet  invasion  of  Afghanistan  and  the  revolutionary  Iranian  government's 
seizure  of  American  hostages  in  late  1979  called  attention  to  the  lack  of 
United  States  conventional  military  capability  in  the  Indian  Ocean  area.  This 
situation  contrasted  with  Europe  in  that  there  was  no  mainland  base  to 
pre-position  materiel. 

The  Island  of  Diego  Garcia  offered  a  secure  base  of  operations,  but  fell  short 
of  needed  storage  area  to  stockpile  materiel.  Accordingly,  the  following  year 
the  Department  of  Defense  established  a  pre-positioning  force  of  merchant-type 
ships  to  carry  equipment,  weapons,  and  provisions  to  support  a  marine- 
amphibious  brigade.  The  troops  themselves  would  be  flown  out  to  the  area  and 
"married"  with  the  equipment  in  a  friendly  port  area. 

Initially,  seven  ships  (contract-manned  and  under  charter  to  the  Military 
Sealift  Command  (MSC)),  comprised  what  was  to  be  called  Near  Term 
Pre-Poeitioning  Force  (NTPF)  and  were  located  off  the  Island  of  Diego  Garcia  in 
July  1980.  The  force  consisted  of  three  R0/R0  vehicle  ships,  two  commercial 
breakbulk  cargo  ships,  and  two  commercial  medium-sized  tankers.  NTPF  was 
established  as  a  quick  and  efficient  means  of  achieving  dedicated  sealift  in 
the  Indian  Ocean,  a  region  without  mainland  staging  site  for  military  units. 
Similar  to  the  European  pre-positioning  plan,  the  Near  Term  Pre-Positioning 
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Ships  Program  (PREPO)  was  designed  to  augment  our  reinforcement  in  the  Indian 
Ocean  regions  while;  minimizing  the  impact  upon  our  strategic  mobility 
capability. 

As  PREPO,  formerly  referred  to  as  the  NTPF,  gained  momentum  as  an  effective 
means  to  reduce  sealift  response  time  and  provide  increased  presence  in  the 
area,  the  number  of  ships  and  scope  of  the  mission  increased.  The  slow 
loading/unloading  breakbulk  ship  was  replaced  with  the  LASH  vessel. 

Included  under  MSC  long-term  charter  are  25  ships  of  the  Afloat  Pre-Positioning 
Ships  (APS)  Program.  The  program  consists  of  two  parts.  The  Maritime 
Pre-Positioning  Ships  (MPS)  Program  and  the  Pre-Positioning  (PREPO)  Ships 
Program  (formerly  Near  Term  Pre-Positioning  Force)  discussed  previously. 

The  MPS  Program  is  designed  to  combine  the  responsiveness  of  airlifted  troops 
with  sealift  delivery  of  pre-posit ioned  materiel.  The  1,3  ships  involved  in  the 
program  will  be  organized  into  3  MPS  Squadrons  that  can  carry  equipment  and 
supplies  for  Marine-amphibious  brigades. 

The  12  PREPO  ships  are  assigned  to  Commander,  MPS  Squadron  Two  and  consist  of 
those  pre-positioned  cargo  ships  and  tankers  loaded  with  Array  and  Air  Force 
equipment,  POL,  and  supplies. 

The  Army  has  ammunition  stowed  on  three  ships  in  the  PREPO  Ships  Program.  Due 
to  the  requirement  that  the  ships  undergo  maintenance  at  prescribed  intervals, 
it  is  necessary  to  return  the  ship  to  a  port  on  a  scheduled  basis  to  permit 
offloading  of  the  ammunition  prior  to  ships  maintenance.  During  this  period, 
all  ammunition  is  subjected  to  rigorous  inspection  to  determine  its  condition, 
and  inventories  are  accomplished  to  verify  the  accountable  records. 

Maintenance,  P&P,  exchange  of  stock,  etc.,  are  also  accomplished  at  the  same 
time.  This  fact,  coupled  with  the  need  to  provide  safe  and  secure  storage  and 
adequate  space  for  staging  for  backloading,  restricts  the  number  of 
installations  at  which  the  operation  can  be  conducted.  Most  have  been 
conducted  at  the  U.S.  Navy  Magazine,  Subic  Bay.  The  slides  that  follow  depict 
some  highlights  of  the  NTPF  operations  from  August  1980  to  date. 

Aerial  view  of  Military  Ocean  Terminal  Sunny  Point,  NC  site  of 
1980  onload  of  first  ship  with  Army  ammunition: 

First  ammo  onload  of  NTPF  breakbulk  ship  SS  American  Champion. 

Onload  complete,  the  Champion  is  ready  to  deploy. 

The  Champion  arrives  at  NAVMAG  Subic  Bay  January  1982  for  first 
Army  ammunition  maintenance  cycle  which  was  the  third  NTPS 
maintenance  cycle. 

This  slide  shows  the  considerable  cargo  lay-down  area  available 
at  Subic. 

Download  of  ammo  completed  in  nine  days  of  around-the-clock 
operations. 
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With  mission  complete,  SS  American  Champion  departs  Subic  on 
2  February  1982. 

Inventory,  inspection,  P&P  completed  in  17  days.  SS  American 
Spartan  relieves  the  Champion  on  19  February  1982. 

Backload  of  the  Spartan  took  11  days. 

During  the  fifth  maintenance  cycle,  NTPF  transitioned  from 
breakbulk  to  Lighter  Aboard  Ship  (LASH).  Here  the  SS  Gulf 
Shipper  and 

The  USNS  Southern  Cross  discharge  ammo  at  Subic  Lay  in  March 
through  April  1984. 

LASH  vessel  SS  American  Veteran  arrives  uith  63  lighters  and 
21  MSC  vans. 

Inventory,  inspection,  P&P,  and  maintenance  complete, 
backloading  to  LASH  barges  begins. 

Typical  LASH  barge  with  cargo  stowed  in  breakbulk  fashion. 

LASH  barge  with  general  supplies  cargo  mixture. 

Aerial  view  of  Camayan  Pier,  Subic  Bay,  showing  12  LASH 
barges  and  the  expanse  of  operations. 

The  previous  slides  depicted  NTPF  operations  conducted  at  the  U.S.  Navy 
Magazine,  Subic  Bay  R.P.  as  indicated  earlier.  The  ammunition  ships  in  the 
NTPF  are  based  at  Diego  Garcia. 

This  is  Diego  Garcia,  located  in  the  Chagos  Archipellago  in  tha 
Indian  Ocean.  It  i3  a  20  square  mile  island,  forming  part  of  the 
British  Indian  Ocean  Territory  (B.I.O.T.),  and  serves  as  a  base 
for  the  U.S.  Air  Force,  Navy,  and  MPS  Fleet  serving  the  Indian 
Ocean  area. 

This  slide  shows  the  part  of  Diego  Garcia.  The  air  strip  is  in 
the  center  and  the  pier  is  at  right,  extending  into  the  harbor. 

This  is  Central  Gulf  Lines'  SS  Green  Harbour.  This  ship  carries 
approximately  48  (LASH)  barges.  Each  barge  containing  Army 
preposition  scock  on  this  vessel  is  15  feet  high,  30  feet  wide, 
and  60  feet  long.  Each  barge  is  stowed  in  breakbulk  fashion  and 
can  be  on/off  loaded  by  the  ship  with  a  gantry  crane.  The 
maximum  stacking  on  the  weather  deck  is  two  barges  high  and  up  to 
four  barges  below  deck. 

Ammunition  stored  in  the  above-deck  barges  is  exposed  to  a 
temperature  range  of  75°F  to  95°F  with  humidity  levels 
seldom  going  below  802.  All  above-deck  barges  and  barges  stored 
in  the  hold  are  individually  connected  to  a  dehumidification 
system. 
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In  order  to  obtain  storage  environmental  data,  five  LaSH  barges 
on  the  Green  Harbour  were  instrumented  at  Subic  Bay  in  November, 
1985.  Each  barge  vas  gridded  with  a  temperature  and  humidity 
sensor  placed  in  each  corner,  aid-aidewall  and  center,  in  three 
layers  from  bottom,  middle,  to  top.  Airflow  and  temperature*- 
humidity  probes  were  placed  at  the  barge  dehuoidifier  inlet  and 
exhaust.  The  probes  are  connected  to  a  datalogger  which 
digitally  stores  data  from  all  probes  every  half  hour.  Data 
storage  modules  are  changed  out  on  a  30-day  basis.  Data  is  being 
collected  as  of  1  December  1985  and  is  an  on-going  process  until 
the  next  ship's  maintenance  cycle.  At  this  time,  an  assessment 
of  the  ammunition  quality  will  be  made  to  assess  the  effects  of 
the  storage  environment. 

This  slide  shows  a  combination  temperature-humidity  probe 
(the  silver  cylindrical  housing  mounted  below  the  cross  member), 
a  hot  wire  anemometer  (pencil-like  probe)  mounted  at  an  inlet 
air  duct  of  a  LASH  barge.  The  wires  at  right  connect  to  a 
datalogger. 

These  dataloggers  were  chosen  because  they  operated  from 
standard  "D"  size  flashlight  batteries  for  a  period  over  30  days. 

Each  probe  is  read  and  the  data  recorded  in  the  storage  module 
mounted  on  the  water-tight  enclosure  cover  (at  left). 

This  slide  shows  a  datalogger  installation  in  the  hold  on  the 
Green  Harbour. 

This  is  a  partially  loaded  LASH  barge. 

Our  organization,  USADACS,  has  been  tasked  by  HQ,  U.S.  Marine  Corps  to 
investigate  th*  effectiveness  of  vented  containers  in  a  controlled  environment 
in  MPS  Squadron  2.  Eight  MILVANs  were  instrumented  on  the  MV  Bonnyman 
stationed  at  Diegc  Garcia.  Temperature  and  humidity  are  being  monitored  in 
each  MXLVAN  with  selected  ammunition  items.  This  slide  shows  the  probe  in  a 
small  arms  MIL VAN. 

And  this  one  shows  prop  charges.  Probes  are  placed  as  close  to  the  geometrical 
center  of  the  container  as  possible. 

The  dataloggers  for  this  application  operate  on  a  five-minute  interval  and 
record  the  average  value  every  half  hour.  Four  recording  instruments  are  used 
in  a  60-day  data  recording  cycle.  Data  recorded  in  storage  modules  are 
transmitted  to  USADACS  for  processing. 

The  ability  to  rapidly  deploy  ready  forc-8  anywhere  in  the  world  has  resulted 
in  the  necessity  to  store  UBL  in  configurations  that  violate  normal 
compatibility  standards  for  storage  of  ammunition.  Due  to  the  overriding 
mission  requirements  for  centralized  storage  of  UbLs,  comparability 
requirements  have  bean  somewhat  relaxed. 


Rapid  deployment  scenarios  envision  the  need  for  providing  all  classes  of 
supply  as  on«  package.  This  slide  shows  a  contingency  plan  package  pre-rigged 
for  air  drop  to  support  an  airborne  corps.  This  points  out  not  only  the 
incompatibility  among  the  Class  V  items  but  the  obvious  incompatibility  with 
other  classes  of  supply.  Operational  requirements  are  overriding 
considerations. 

For  OCONl'S  units,  relaxation  of  normal  requirements  has  been  formalised  in 
Chapter  10  of  DOD  6055.9-STD.  Use  of  this  criteria  allows  the  responsible 
major  commands  to  fulfill  their  D.issions  when  requirements  dictate  the  need  to 
keep  their  UBL  ammunition  within  the  boundaries  of  their  barracks  or  in  the 
immediate  vicinity  thereof  ir  trucks,  trailers,  tanks,  structures,  etc.  This 
involves  acceptance  of  greater-than-normal  risks  to  unit  personnel,  facilities, 
and  equipment  when  permitted  by  host  nation  laws  and/or  status  of  forces 
agreements.  Essentially,  this  allows  commanders  to  store  up  to  4, 000  KG  Net 
Explosive  Quantity  (NEQ)  in  a  BLAHA,  disregarding  normal  storage  compatibility 
requirements,  while  excluding  propelling  charges  in  Class/Division  1.2  and  the 
quantity  of  explosives  in  Class/Division  1.3  when  determining  NEQ  for 
quantity-distance  (QD)  purposes.  QD  relationships  in  a  BLAHA  are  prescribed  by 
a  separate  0D  table  applicable  only  to  basic  load  storage  areas. 

Rapid  deployment  of  ready  forces  stationed  in  the  CONUS  presents  another 
situation  requiring  pre-configured  UBL  for  aerial  delivery.  Pre-rigged  UBL, 
trailer  mounted  for  airlift,  also  presents  compatibility  problems.  Normal 
storage  compatibility  requirements  cannot  be  met  when  storage  in  a  central 
location  is  essential  to  meet  rapid  deployment  time-workload  constraints. 

The  following  slides  illustrate  a  typical  magazine  at  a  CONUS  depot  and 
pra-rigged  loads  stored: 

CONUS  Stradley  Igloo  Magazine 

Anti-Personnel  Mines 

Small  Arms  Ammo 

Small  Arms  Ammo 

Mixed  Loads  in  Storage 

Small  Arms  in  Storage 

Pre-Rigged  Load 

A  point  of  interest  is  that  compatibility  within  vehicles  and  on  pre-rigged 
pallets  is  consiste”"  with  requirements  of  TM  38-250  for  air  shipment  and  DOT 
compatibility  reqv.i  ^lents,  but  storage  compatibility  requirements  are  not  met. 

The  next  two  slides  are  typical  of  UBL  mixes  in  storage  for  rapid  deployment. 

The  first  slide  represents  UBL  pre-rigged  on  AF  463L  pallets,  stored  in 
earthcovered  magazines.  Note  that  Magazine  A  has  a  large  quantity  of 
explosives  with  25,590  pounds.  Incompatibility  is  due  to  the  presence  of  190 
pounds  net  explosive  weight  (NEW)  of  storage  compatibility  group  (SCG)  rG" 
smoke  grenades.  These  grenades  are  dispersed  among  several  pre-rigged  pallets 
due  to  mission  signalling  requirements.  The  SCG  "D"  material  is  permissible 
for  storage  wi*:’'  r.C  "C"  .  *r  Category  Z.  The  incompatible  SCGs  are  shown  in 
red. 
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The  next  slide  represents  a  typical  UBL  for  a  155mm  ready  battery,  palletised 
and  trailer  mounted.  In  this  case,  the  SCG  "G"  primers  are  not  compatible  with 
SCG  "D"  items.  Storage  of  SCG  "C"  and  "D"  is  permissible  under  Category  Z. 

This  storage  configuration  is  similar  to  the  complete  round  concept.  While  not 
compatible  for  storage,  this  mix  of  SCGs  is  compatible  for  military  air 
shipment  in  accordance  with  TM  38-250. 

The  following  slides  show  examples  of  UBL  pre-rigged  for  airdiop  and 
trailer-mounted  loads  of  ammunition  palletised  on  AF  463L  pallets  for  airlift. 

Prc-Rigged  for  Airlift 
Pre-Rigged  for  Airlift 
Pre-Rigged  for  Airlift 
Pre-Rigged  for  Airlift 
Pre-Rigged  for  Airlift 
Pre-Configured  Load 
Loaded  Trailer 
Loaded  Trailer  (Inside) 

Loaded  Trailer 
Loaded  Trailer 

During  the  previous  discussion,  I  have  attempted  to  describe  the  traditional 
ammunition  storage  environment,  both  wholesale  and  retail,  in  the  United  States 
and  overseas.  I  then  talked  about  the  PREPO  Program  and  storage  of  ammunition 
for  the  rapid  deployment  force.  As  was  evidenced  during  the  discussion,  and 
slides  that  were  reviewed,  the  pre-positicning  of  ammunition  and  its  storage 
for  rapid  deployment  represent  many  new  challenges  in  ammunition  storage. 
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AUSTRALIAN  CONSIDERATIONS  OF  RISK  CRITERIA 
AT  JOINT  USER  AIRFIELDS 

1.  THE  DEVELOPMENT  OF  AVIATION  IN  AUSTRALIA  RESULTED  IN  A  NUMBER 
OF  AIRFIELDS  BE1N6  JOINTLY  USED  BY  MILITARY  AND  CIVIL 

OPERATORS.  THE  NATO  GUIDELINES  FOR  QUANTITY-DISTANCE  CRITERIA  DO  NOT 
ADEQUATE.*  PROVIDE  FOR  JOINT-USER  AIRFIELDS  AND  HE  HAVE  DETERMINED, 
RELUCTANTLY,  THAT  WE  CANNOT  TREAT  CIVIL  AIRCRAFT  ON  JOINT  USER 
AIRFIELDS  AS  A  TRANSIENT  RISK. 

WE  HAVE  ALSO  CONCLUOEO  THAT  WHILST  WE  SHOULD  USE  THE  PUBLIC  TRAFFIC 
ROUTE  DISTANCES,  THE  MINIMUM  DISTANCES  SHOULD  BE  BASED  ON  THE 
OVERPRESSURE  GENERATED  BY  AN  EXPLOSION.  THESE  DETERMINATIONS  WERE 
ARRIVED  AT  BY  CONSIDERING  THE  NATURE  Or  THE  CIVIL  TRAFFIC  LIKELV  TO 
USE  THE  AIRFIELDS, INCLUDING  INTERNATIONAL  FLIGHTS,  AND  THE 
DIFFERENCES  BETWEEN  THE  CONDITIONS  THAT  THE  PUBLIC  TRAFFIC  ROUTE 
TABLES  ARE  MEANT  TO  COVER 
AND  THOSE  THAT  APPLY  ON  AN  AERODROME. 

2.  WE  INITIALLY  ATTEMPTED  A  PROBABALISTIC  APPROACH  TO  THE  PROBLEM 
OF  PROVIDING  ADEQUATE  SAFETY  TO  THE  PU8LIC,  WHEREBY  WE  WOULD  DEFINE 
THE  PROBABILITIES  ASSOCIATED  WITH  AN  ACCIDENT  INSOFAR  AS  THEY  RELATED 
TO  THE  LIKELY  PRESENCE  OF  CIVILIANS,  AND  ENDEVOUR  TO  QUANTIFY  THE 
RISKS  FOR  PARTICULAR  SEPARATION  DISTANCES.  THIS  APPROACH  DID  NOT 
SUCCEED  DUE  TO  THE  LACK  OF  CREDIBLE  OATA  AND  THE  LARGE  VARIANCES  THAT 
NEEDED  TO  BE  APPLIED;  WE  HAVE  SETTLED  INSTEAD  FOR  A  SUBJECTIVE 
APPROACH  WHEREIN  WE  CONSIDER  THE  ELEMENTS  WITHIN  THE  PROBLEM  AND 
ENOEVOUR  TO  LIMIT  THEIR  CONSEQUENCES  IN  AN  EXPLOSIVE  ACCIDENT. 

3.  THE  ELEMENTS  THAT  WE  HAVE  CONCENTRATED  ON  AREt 

A.  FRAGMENTATION, 

B.  BLAST  OVERPRESSURE,  AND 

C.  PILOT  REACTION. 

WHAT  WE  WISH  TO  DO  IN  THIS  PRESENTATION  IS  TO  OUTLINE  THE  RATIONALE 
WE  HAVE  USED  TO  ARRIVE  AT  THESE  ELEMENTS,  DISCUSS  THE  QUANTIFICATIONS 
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THAT  HAVE  RESULTED  FROM  OUR  CONSIDERATIONS  AND  DETAIL  THE  CONCLUSIONS 
WE  HAVE  TENTATIVELY  ARRIVED  AT. 

OBJECTIVES 

4.  THE  PRIME  OBECTIVE  FOR  US  IS  THE  ESTABLISHMENT  OF  GUIDELINES 
THAT  DEFINE  THE  SAFETY  PARAMETERS  TO  BE  APPLIED  AT  JOINT-USER 
AIRFIELDS.  THESE  MUST  BE  IN  ACCORD  WITH  THE  POLICY  THAT  MILITARY  USE 
OF  EXPLOSIVES  MUST  NOT  ENDANGER  THE  PUBLIC,  NOT  UNDULY  INCONVENIENCE 
NORMAL  USE  OF  THE  AIRFIELD, WHILST  NOT  IMPOSING  UNACCEPTABLE 
LIMITATIONS  ON  MILITARY  OPERATIONS.  WE  HAVE  AN  ULTIMATE  OPTION  IN 
THAT  WE  COULD  SIMPLY  BAN  CIVIL  OPERATIONS  THAT  CONSTRAINED  OUR 
OPERATIONAL  EFFECTIVENESS,  BUT  AS  YOU  CAN  APPRECIATE,  SUCH  A  STEP 
COULD  ONLY  BE  EASILY  JUSTIFIED  IN  A  DEFINED  EMERGENCY,  OR  IN  A  SET  OF 
CIRCUMSTANCES  WHERE  NORMAL  OPERATIONS  COULDNOT  OTHERWISE  PROCEED. 

5.  WE  HAVE  A  NUMBER  OF  JOINT-USER  AIRFIELDS  WHERE  WE  NEED  TO 
OPERATE  WITH  AGREED  GUIDELINES  0ESI6NED  TO  AFFORD 

PR01ECT1QN  TO  THE  PUBLIC. 

ASSUMPTIONS 

6.  A  NUMBER  OF  ASSUPTIONS  HAVE  BEEN  MADE  IN  THE  EVOLVING  OF  OUR 
RATIONALE,  THESE  ARE; 

A.  CIVIL  AIRCRAFT  ON  TAXIWAYS  AND  RVNWAYS  POSE  DIFFERENT  RISK 
LEVELS  WHEN  EXPOSED  TO  THE  SAME  STIMULI, 

B.  THERE  ARE  FUNDAMENTAL  DIFFERENCES  BETWEEN  THE  CHARACTERISTICS 
OF  PUBLIC  TRAFFIC  ROUTES  AND  AIRCRAFT  ON  AIRFIELDS,  AND 

C.  THE  MINIMA  SHOULD  RELATE  TO  OVERPRESSURE  LIMITS. 

7.  THE  IMPORTANT  DIFFERENCE  BETWEEN  AIRCRAFT  OP  TAXIWAYS  AND 
AIRBORNE  IS  THE  CONSEQUENCES  ARISING  FROM  A  FRAGMENT  STRIKE,  THE 
AERODYNAMIC  EFFECTS  OF  AN  OVERPRESSURE  WAVE  AND  THE  POTENTIAL  CRASH 
RISK  ARISING  FROM  PILOT  REACTION  TO  A  DETONATION.  IN  EACH  CASE  THE 
EFFECTS  ARE  POSSIBLY  DRAMATIC  WHILST  THE  AIRCRAFT  IS  AIRBORNE  BUT  MAY 
BE  OF  LESSER  CONSEQUENCE  FOR  AN  AIRCRAFT  ON  THE  GROUND.  WE  THEREFORE 


1097 


PROPOSE  TO  APPLY  A  MORE  CONSERVATIVE  UNIT  TO  RUNWAYS  THAN  TO  TAXIWAYS. 
0.  THE  DIFFERENCES  BETWEEN  VEHICULAR  TRAFFIC  AND  AIRCRAFT  ARE 
REASONABLY  SELF-EVIOENTt  THE  AIRCRAFT  IS  UNDER  THE  CONTROL  OF  A 
TRAINED  PILOT  WHO,  IN  THE  EXTREME  CASES  OF  LAR6E  PASSENGER  AIRCRAFT, 

CAN  REASONABLY  BE  EXPECTEO  TO  ACT  IN  A  COMPETENT  MANNER.  IN  ADDITION, 
ALL  AIRFIELD  MOVEMENTS  ARE  UNDER  AIR  TRAFFIC  CONTROL  SO  THAT  THE 
CHAOTIC  ELEMENT 

ASSOCIATED  WiTH  PUBLIC  TRAFFIC  ROUTES  IS  ABSENT.  AN  AIRCRAFT  HOWEVER, 

TS  MORE  VULNERABLE  TO  A  FRAGMENT  STRIKE  AND  IF  DAMAGED  SUCH  THAT 
EVACUATION  IS  REQUIRED  THEN  PASSENGER  LIVES  MAY  INDEED  BE  AT  RISK.  ON 
BALANCE  WE  BELIEVE  THAT  THESE  CONSIDERATIONS  CANCEL  EACH  OTHER  SUCH 
WHAT  WE  WILL  USE  THE  PUBLIC  TRAFFIC  ROUTE  DISTANCE  TABLES  BUT  APPLY 
DIFFERENT  MINIMA. 

9.  Of  MAJOR  CONCERN  TO  US  IS  THE  ESTABLISHING  OF  AN  ADEQUATE 
MINIMA  THAT  ENSURES  A  HIGH  DEGREE  OF  AIRCRAFT  CONTROLLABILITY  WHEN 
BUFFETED  BY  THE  OVER-PRESSURE  WAVE  BUT  WHICH  DOES  HOT  UNREALISTICALLY 
LIMIT  OUR  ABILITY  TO  OPERATE  FROM  THE  BASE.  THE  EMPHASIS  ON  OVER¬ 
PRESSURE  IS  BASED  ON  OUR  REVIEWS  THAT  SHOW  THAT  FRAGMENTATION  DAMAGE, 
WHILST  IT  CANNOT  BE  ENTIRELY  DISREGARDED,  WILL  NOT  NORMALLY  BE  A 
PROBLEM)  IN  FACT,  WHERE  LARGE  QUANTITIES  ARE  CONCERNED  THE  SAFETY 
in  SI  ANUS  ADEQUATELY  CATER  FOR  IT.  FOR  SMALLER  QUANTITIES  HOWEVER, 

THE  MINIMUM  SAFETY  DISTANCE  CAN  BE  MOST  RESTRICTIVE  AND  THIS  LED  US 
TO  EXAMINE  THE  BASIS  FOR  THE  DISTANCE  MINIMA)  THE  OUTCOME  IS  THAT  WE 
HAVE  REDEFINED  THE  BASIS  FOR  THE  MINIMA  TO  ONE  THAT  IS  IN  TERMS  OF 
THE  OVER  PRESSURE  THAT  WOULD  BE  GENERATED  .  THIS  APPROACH  AIMS  TO 
RETAIN  AN  ADEQUATE  lEVEL  OF  SAFETY  FOR  THE  PUBLIC,  BOTH  ON  THE  GROUND 
AND  IN  THE  AIR,  WHILST  NOT  UNREALISTICALLY  LIMITING  OPERATIONS. 

I  WOULD  NOW  LIXE  TO  DISCUSS  THE  ELEMENTS  CONSIDERED  TN  OUR  APPROACH 
FRAGMENTATION 

IB.  WE  ARE  AWARE  THAT  THE  DDESB  HAS  PUBLISHED  A  STANDARD  WHICH 

* 

DETAILS  US  JOINT  USER  AIRFIELD  Q-D  CRITERIA.  HOWEVER,  WE  NOTE  THAT 
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THE  STANDARO  USES  A  FRAGMENT  DENSITY  OF  ONE  HA>*RDOUS  FRAGMENT  PER 
see  SQUARE  FEET  AS  THE  CRITERION,  WHERE  A  HAZARDOUS  FRAGMENT  IS 
DEFINED  AS  ONE  HAVING  AN  ENERGY  OF  58  FT  LB  OR  GREATER.  WE  FEEL  THAT 
THIS  CRITERION  IS  NOT  ENTIRELY  SUITABLE  AS  : 

A.  IN  OUR  EXPERIENCE,  AN  ENERGY  OF  58  FT  LB  IS  INSUFFICIENT  TO 
PENETRATE  AN  AIRCRAFT  SKIN, 

B.  THE  POPULATION  DENSITY  OF  A  PASSENGER  AIRCRAFT  IS  FAR  GREATER 
THAN  THAT  DETAILED  IN  THE  DEFINITION,  AND 

C.  PASSENGER  AIRCRAFT  MAY  CONTAIN  UP  TO  200,08?  LITRES  OF  FUEL. 

THE  LAST  TWO  FACTORS  MAKE  THE  POSSIBLE  CONSEQUENCES  OF  A  FRAGMENT 
STRIKE  ON  AN  AIRCRAFT  MOST  PROFOUND. 

11.  INVESTIGATIONS  CONDUCTED  IN  AUSTRALIA,  INCLUDING  A 
COMPREHENSIVE  DOCUMENT  SEARCH,  INDICATED  THAT  A  CRITICAL  FRAGMENT 
ENERGY  LEVEL  IS  ABOUT  73  KG  M  (  FT  LB  ).  WHILST  THIS  LEVEL 
UNDERSTATES  THE  PROTECTION  AVAILABLE  TO  CRITICAL  COMPONENTS,  WE 
BELIEVE  THAT  IT  OFFERS  A  REASONABLE  LEVEL  FOR  ASSESSMENT  PURPOSES 
WITH  A  BUILT-IN  CONSERVATISM.  BELOW  THIS  LEVEL,  THE  MECHANISM  OF 
PENETRATION  CHANGES  WITH  ENERGY  BEING  ABSORBED  BY  PLASTIC  DEFORMATION 
OF  THE  AIRCRAFT  SKIN. 

12.  WE  HAVE  NOTED  ANOTHER  FACTOR  THAT  RELATES  TO  CONSIDERATIONS  OF 
FRAGMENTATION  j  TRIALS  CARRIED  OUT  AT  VARIOUS  FACILITIES  INDICATE 
THAT  FOR  SMALL  QUANTITIES-UP  TO  ABOUT  4500  KG  NEQ  THE  DISTRIBUTION  Of 
FRAGMENTS  FROM  AN  EXPLODING  BUILDING  RESEMBLES  SOMEWHAT  OF  A  MALTESE 
CROSS;  SUCH  A  D1STRUBION,  IF  CONSISTENT,  MAY  BE  UTILIZED  BY  ALIGNING 
THE  BUILDINGS  TO  MINIMISE  POTENTIAL  FRAGMENT  ATTACK. 

13.  OVERRIDING  ALL  THESE  CONSIDERATIONS  IS  THAT  IF  THE  BASIC  Dll 
AND  D13  TA3LES  ARE  USED-WHICH  ARE  OF  COURSE  BASED  ON  OVERPRESSURE 
EFFECTS  AND  THE  PES  IS  CONSIDERED  INTERCEPTOR  TRAVERSED, THERE  IS  LITTLE 
DANGER  FROM  THE  EFFECTS  OF  FRAGMENT  ATTACK.  LARGE  QUANTITIES  REQUIRE 

LARGE  SAFETY  DISTANCES,  COMMENSURATE  WITH  THE  HAZARD,  WHEREAS 
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SMALL  QUANTITIES  ARE  ADEQUATELY  PROTECTED  AGAINST  BY  TRAVERSES. 
OVERPRESSURE  IS  THEREFORE  THE  PRIME  CONSIDERATION. 

OVERPRESSURE 

14.  THE  EFFECTS  OF  OVER-PRESSURE  ARE  NOT  AS  EASY  TO  OVERCOME  AND 
ARE  THE  DRIVING  CONSIDERATION  FOR  SMALL  QUANTITIES.  THE  DDESB 
GUIDELINES  TO  OVER-PRESSURE  DAMAGE  ARE  DETAILED  IN  DDESB  STANDARD  DOD 
6055-9,  AND  ARE  SHOWN  IN  TABLE  1.  WE  HAVE  USED  THIS  GUIDE,  PLUS  THE 
GENERAL  PHILOSOPHY  OF  THE  UK  ESTC  LEAFLETS,  AS  THE  STARTING  POOINT  FOR 
OUR  CONSIDERATIONS  OF  REASONABLE  OVER-PRESSURE  LIMITS. 

15.  AFTER  SOMEWHAT  PROTRACTED  NEGOTIATIONS  AND  ANALYSIS  OF 
CONDITIONS,  WE  HAVE  SETTLED  FOR  FIGURES  FOR  GUIDANCE  TO  LICENCING 
AUTHORITIES  THAT  ARE  LOWER  THAN  THOSE  IN  THE  DDESB  GUIDE.  THE  LEVELS 
WE  HAVE  SET  ARE  STILL  SUBECT  TO  YET  MORE  CONSULTATION  AND 
CONSIDERATION  BUT  WE  SEEM  TO  BE  REACHING  A  REASONABLE  COMPROMISE  THAT 
AFFORDS  A  HIGH  LEVEL  OF  PROTECTION  TO  CIVILIAN  USERS  OF  JOINT-USER 
AIRFIELDS,  WHILST  NOT  UNDULY  AFFECTING  NORMAL  OPERATIONS. 

16.  THE  LIMITS  WE  HAVE  PRESENTLY  SETTLED  ON  ARE  THE  D13  PUBLIC 
TRAFFIC  ROUTE  DISTANCES  WITH  THE  FOLLOWING  MINIMA: 

A.  50  MILLIBARS  (  0.7 2  PS1  )  AT  THE  CENTRELINE  OF  THE  RUNWAY,  AND 

B.  70  MILLIBARS  (  1.0  PSI  )  AT  THE  CENTRELINE  OF  TAXIWAYS. 

IN  SETTING  THESE  LEVELS  WE  FULLY  REALISE  THAT  WE  HAVE  MADE  NO1-' 
ALLOWANCE  FOR  THE  EFFECTIVENESS  OF  FIRE  SERVICES,  THE  POSSIBILITY  OF 
PRESSURE  REDUCING  OR  ENHANCING  STRUCTURES,  OR  THE  PRECISE  INFLUENCE 
OF  AIRCRAFT  TYPE. 

PHYSYCH 0L06ICAL  EFFECTS 

17.  WE  KNOW  OF  NO  STUDY  THAT  WOULD  GIVE  US  A  GUIDE  TO  THE  REACTION 

OF  PILOTS  IN  GENERAL  TO  AN  EXPLOSION  OCCURING  IN  THE  VICINITY  OF 

THEIR  AIRCRAFT.  COMMON  SENSE  INDICATES  THAT  THERE  WILL  BE 
CONSEQUENCES  ESPECIALLY  WITH  PRIVATE  PILOTS,  BUT  THAT  AIRLINE  PILOTS 
ARE  MORE  LIKELY  TO  BE  ABLE  TO  RAPIDLY  REDRESS  DETRIMENTAL  EFFECTS. 

THE  LIKELY  REACTIONS  DISCUSSED  EARLIER  IN  THIS  PRESENTATION  HAVE  BEEN 
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BORN^  IN  MIND  THROUGHOUT  OUR  DELIBERATIONS  WITHOUT  ANY  ATTEMPTS  BEING 
MADE  ^0  QUANTIFY  THE  EFFECTS  FURTHER. 


SUMMARY 


^ Cvi a l  (\UsVrnA\aK,  (Uf  ^Otvo^j' 


18.  ^fAA^  OPERATIONS  AT  SOME  AUSTRALIAN  AIRFIELDS  ARE  COMPLICATED 
BY  THE  AIRFIELD  *  S  JOINT-USER  STATUS.  WE  HAVE  ENDEVOURED  TO  STRIKE  A 
BALANCE  BETWEEN  THE  LEGITIMATE  NEEDS  OF  TFE  PUBLIC  FOR  SAFE  ACCESS  TO 
THESE  AIRFIELDS  WHILST  MAINTAINING  OUR  AIM  OF  ENSURING  THAT  OUR 
OPERATIONS  ARE  NOT  UNDULY  AFFECTED.  OUR  INITIAL  ATTEMPTS  TO  UNDERTAKE 
A  PROBABALISTIC  APPROACH  FOUNDERE^ON  THE  LACK  OF  DATA,  AND  WE 
RESORTED JTO_A_iiJQMEW++A^StJB^ETTIVE  APPROACH. 

19.  2)hE  RISk  PROBLEMS  WERE  ASSESSED  AS  DUE  TO  FRAGMENTATION,  BLAST 
OVER-PRESSURE  AND  THE  PHYSCHOLOG1CAL  EFFECTS  OF  AN  EXPLOSION.  OF 
THESE,  OVER-PRESSURE  ASSUMED  THE  MORE  IMPORTANT  CONSIDERATION  DUE  TO 
THE  EFFECT  OF  THE  IMPULSE  WAVE  ON  AIRCRAFT.  WE  CONSIDER  THAT  WE  ARE 
APPROACHING  REASONABLE  LEVELS  THAT  ALLOW  FOR  OUR  TWIN  AIMS  OF 


MAINTAINING  PUBLIC  SAFETY  AND  RETAINING  OPERATIONAL  CAPABILITY 


it  1 


HOWEVER,  WE  DO  NOT  AT  THIS  TIME  FEEL  ENTIRELY  COMFORTABLE  WITH  OUR 
CONCLUSIONS  AND  WOULD  BE  MOST  INTERESTED  IN  ANY  THOUGHTS  OTHER 
NATIONS  MAY  HAVE  ON  THIS  TOPIC. 
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HAZEL  -  "A  COMPUTERIZED  APPROACH  TO  SYSTEM  SAFETY" 


KENNETH  W.  PROPER 


U.S.  ARMY  DEFENSE  AMMUNITION  CENTER  AND  SCHOOL 
EQUIPMENT  DIVISION 
(SMCAC-DEN) 


SAVANNA,  IL  61074-9639 


HAZEL  is  a  computerised  approach  to  system  safety,  | 
whose  design  incorporates  the  use  of  new  concepts  | 
for  hasard  evaluation  of  a  system.  J 


These  concepts  are  based  on  the  postulate 
that  an  incident  results  when  during  the  exposure 
of  a  given  hasard  stimulus  within  a  system,  the 
stimulus  permits  the  conversion  and  release  of 
potential  energy  outside  of  the  design  parameters. 
Depending  on  which  set  of  events  follows  this 
release  of  energy,  one  of  several  possible 
consequences  can  result.  The  severity  of  this 
consequence  is  dependent  on  which  set  of  events 
occurs.  Further,  it  is  possible  that  this  set  of 
events  could  be  a  null  set,  producing  no 
consequences. 


The  goal  of  Systems  Safety  Engineering  is  to  maximize  the  operational 
effectiveness  of  a  system  by  identifying  hazards  within  the  design  of  the 
system,  which  will  impair  its  operational  effectiveness,  in  order  to  recommend 
timely  corrective  actions  which  are  cost  effective.  Unlike  other  elements  of 
engineering,  Systems  Safety  Engineering  does  not  p^duce  absolutes  but  produces 
reduced  probabilities.  Yet  like  other  elements  of  engineering,  Systems  Safety 
Engineering  is  faced  with  the  same  constraints  -  time,  lack  of  personnel  and 
money. 

\ 

Therefore  to  fulfill  the  goal  of  Systems  Safety  Engineering,  the  Systems  j 
Safety  Engineer  must  have  tools  which  provide  the  project  manager  with  decision  j 
making  information  and  solutions,  not  problems,  in  the  most  cost  effective 
manner.  j 


to  provide  Che  Ammunition  Peculiar  Equipment  (APE)  project  managers  at  U.S. 
Army  Defense  Ammunition  Center  end  School  (IJSADACS),  Equipment  Division  (TEN), 
with  decision  making  information  and  solutions,  the  concepts,  hazard  analysis 
formats  and  definitions  of  Military  Standard  (M1L-STD)  882A,  System  Safety 
Program  Requirements,  23  June  1977,  were  reviewed  along  with  other  literature 
available  on  systems  safety  engineering.  This  review  combined  with  the 
experience  gained  in  analyzing  the  safety  of  APE,  lead  to  the  development  of 
new  concepts,  definitions  and  hazard  formats.  The  nucleus  of  this  development 
is  a  modification  of  the  work  of  William  T.  Fine  presented  in  his  paper  on 
"Mathematical  Evaluations  For  Controlling  Hazards",  Naval  Ordnance  Laboratory 
Technical  Report  71-31  of  8  March  1971. 

The  first  step  in  developing  a  solution  was  to  review  MIL-STD  882A.  The 
standard  recommends  the  use  of  two  classifications  in  determining  the  risk 
involved  with  a  system  for  a  particuliar  hazard  —  the  probability  that  a 
hazard  will  result  in  a  mishap  and  the  worst  potential  consequence  of  that 
mishap.  The  standard  further  recommends  the  use  of  six  categories  to  define 
hazard  probability  and  four  categories  to  define  severity. 

While  the  techniques  of  MIL-STD  882A  do  provide  for  recognition  of  safety 
deficiencies,  it  does  not  provide  a  realistic  representation  of  the  hazard  to 
mishap  mechanism  nor  the  mechanics  necessary  for  safety  personnel  to  be  able  to 
make  recommeud&t ions  on  which  deficiencies  are  the  most  critical  or  how  to 
correct  them  in  the  most  cost  effective  method. 

The  standard  states  that  the  severity  of  a  mishap  is  not  dependent  on  the 
probability  of  the  hazard,  only  on  its  consequences.  Therefore  even  if  the 
hazard  is  removed  from  the  system,  the  consequences  are  still  the  same, 
although  impossible  to  occur.  Therefore,  only  the  probability  of  the  accident 
can  be  dealt  with  by  systems  safety  engineering  ind  the  project  manager. 

The  standard  defines  a  hazard  as  "an  existing  or  potential  condition  that  can 
result  in  a  mishap."  In  order  for  a  hazard  to  result  in  a  mishap,  the  hazard 
must  be  considered  capable  of  doing  work.  If  it  is  capable  of  doing  work,  it 
oust  then  contain  potential  energy.  Therefore,  a  hazard  can  be  considered 
potential  energy  existing  within  the  system  or  its  environment. 

However,  in  order  for  a  system  to  complete  its  mission,  it  must  be  capable 
of  doing  work,  and  therefore  capable  of  converting  potential  energy  into  work. 
Therefore,  the  presence  of  potential  energy  within  a  system  alone,  does  not 
cause  a  mishap.  It  is  when  the  potential  energy  is  converted  to  work  and 
released  in  an  uncontrolled  way  that  a  mishap  occurs.  The  more  often  the 
potential  energy  is  capable  of  being  converted,  the  greater  the  likelihood  of 
it  being  released  in  an  uncontrolled  way. 


1104 


There  fore,  the  potential  energy  is  not  the  problem.  The  problem  is  how 
often  that  potential  energy  is  present  end  how  that  potential  energy  can  be 
converted  and  released  outside  of  the  design  parameters.  From  this  rationale, 
two  new  concepts  were  identified  and  defined.  The  first  being  STIMULUS  and  the 
second  being  STIMULUS  EXPOSURE. 

Stimulus  represents  the  mechanism  through  which  the  potential  energy  car. 
be  converted  and  released  outside  of  the  design  parameters. 

Stimulus  Exposure  is  a  measure  of  how  often  the  stimulus  is  present  within 
the  system  or  its  environment. 

From  experience  it  can  be  seen  that  when  potential  energy  is  released  in  an 
uncontrolled  manner,  it  does  not  always  result  in  a  mishap.  Often  the  release 
of  the  potential  energy  will  result  in  nothing  happening  or  in  a  near  miss. 
Therefore,  a  mishap  takes  more  than  the  uncontrolled  release  of  potential 
energy  to  occur.  Not  only  must  the  potential  energy  be  released  outside  of 
design  parameters,  but  a  particular  set  of  events  or  event  must  occur.  If  a 
given  event  or  sequence  of  events  does  not  occur,  then  a  given  mishap  outcome 
will  not  occur.  From  this,  two  additional  concepts  were  identified  and 
defined,  MISHAP  SET  and  MISHAP  PROBABILITY. 

Mishap  Set  is  the  event  or  events  which  must  take  place  in  order  for  a 
given  mishap  to  occur.  Furthermore  for  any  given  uncontrolled  release  of 
potential  energy,  more  than  one  mishap  set  and  outcome  exidt. 

Mishap  Probability  is  the  likelihood  of  a  particular  mishap  sequence 
occurring  to  completion. 

Based  on  the  above  discussion,  the  hazard-mishap  mechanism  can  be  defined 
as  follows  and  serve  as  a  postulate  for  further  development: 

An  incident  results  when  during  the  exposure  of  a 
given  hazard  stimulus  within  a  system,  the 
stimulus  permits  the  conversion  and  release  of 
potential  energy  outside  of  the  design  parameters. 

Depending  on  which  mishap  set  follows  this  release 
of  energy,  one  of  several  possible  consequences 
can  result.  The  severity  of  this  consequence  is 
dependent  on  which  mishap  set  occurred.  Further, 
it  is  possible  that  this  mishap  set  could  be  a 
null  set,  producing  no  consequences „ 

Once  the  postulate  was  stated  and  accepted,  it  became  necessary  to  formally 
define  the  new  concepts  and  establish  qualitative  levels.  The  qualitative 
levels  a^e  defined  in  Appendix  A. 
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Maximum  Credible  Mishap  (MCM).  The  moat  credible  catastrophic  effect  on 
personnel,  production  activities,  or  facilities  due  to  the  occurrence  of  a 
particular  event  or  aeriea  of  events.  The  MCM  has  an  occurrence  probability  of 
1  if  a  given  event  or  series  of  events  occurc. 

Stiaulus.  The  mechanism  through  which  potential  energy,  existing  within  a 
ays  ten,  operation,  facility,  or  environment,  aay  be  converted  and  released 
outside  of  «.he  design  paraaeters. 

Stiaulus  Exposure.  The  likelihood,  expressed  in  quantitative  or 
qualitative  teras,  that  a  given  stiaulus  could  be  present  within  a  system, 
operation,  or  facility.  The  greater  the  likelihood  of  the  stimulus,  the 
greater  the  likelihood  of  ita  associated  potential  energy  being  released.  The 
stimulus  exposure  is  dependent  on  the  presence  of  the  stimulus  and  is 
independent  of  all  other  factors. 

Mishap  Set.  A  realistic  statement  of  the  sequence  of  events  or  event 
which  must  occur  in  order  for  the  MCM  to  happen. 

Mishap  Set  Probability.  The  likelihood,  expressed  in  quantitative  or 
qualitative  terms,  that  the  stated  MCM  Mishap  Set  can  occur.  The  mishap  set 
probability  is  dependent  on  its  likelihood  of  occurring  and  is  independent  of 
all  other  factors. 

Severity.  A  qualitative  assessment  of  the  degree  of  injury,  occupations? 
illness,  property  or  equipment  damage  aaeociated  with  the  MCM.  Severity  ic 
dependent  only  on  the  MCM.  Once  established,  it  does  not  change,  only  its 
Mishap  Set  Probability  can  change. 

Criticality.  A  mathematical  combination  of  the  stimulus  exposure,  mishap 
set  probability,  and  severity.  Criticality  serves  to  facilitate  the  ranking  of 
possible  recognised  hazards  to  determine  priority  of  action  and  allotment  of 
funds. 


Safety  Coat  Factor.  The  estimated  dollar  cost  of  the  proposed  method  of 
eliminating,  reducing,  or  controlling  e  safety  deficiency.  This  value  is  used 
in  the  Safety  Cost/Benefit  Analysis. 

Degree  of  Safety  Correction.  The  estimated  reduction  in  the  likelihood  of 
the  stimulus  exposure  end/or  the  mishap  set  probability.  This  value  is  used  in 
a  Safety  Cost/Benefit  Analysis. 

Risk.  The  expected  value  of  loss. 
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Risk  Acceptability.  That  level  of  risk  which  has  been  determined  as 
acceptable  in  order  to  fulfill  mission  requirements.  It  represents  a  level  of 
risk  where  either  the  output  of  resources  to  rectify  safety  deficiencies  does 
not  result  in  a  proportional  increase  in  system  safety;  or  so  restricts  the 
performance  of  the  system,  it  cannot  fulfill  its  assigned  mission.  USADACS-DEH 
uses  a  criticality  of  10  or  less  as  acceptable  risk.  Any  risk  acceptance 
greater  than  a  criticality  of  10,  requires  a  Safety  Cost/Benefit  Analysis  to 
document  it  rationale  for  acceptance. 

Implementing  this  postulate  of  hazard-mishap  mechanism,  allows  a  system  to  be 
analysed  using  these  new  techniques: 

1.  Identify  the  types  of  potential  energy  which  could  exist  as  a 
possible  hasard  within  the  system  or  its  environment; 

2.  Identify  what  condition  could  convert  this  potential  energy  and 
release  it  outride  of  the  design  parameters,  stimulus; 

3.  Determine  how  often  the  stimulus  is  present  with  the  system, 
stimulus  exposure; 

4.  Identify  the  most  credible,  catastrophic  result  from  the  release 
of  potential  energy,  maximum  credible  mishap; 

5.  Define  the  event  or  sequence  of  events  which  must  occur  for  the 
maximum  credible  mishap  to  happen,  mishap  set; 

6.  Determine  the  likelihood  of  the  mishap  set  occurring,  mishap  set 
probability; 


7.  Rank  the  hazard  with  respect  to  the  other  recognized  hazards, 
criticality. 

An  additional  technique  provided  the  safety  engineer,  once  the  criticality  of 
the  safety  concern  has  been  established,  is  the  capability  of  being  able  to 
perform  a  cost/benefit  analysis  to  determine  if  possible  corrective  actions  are 
economically  beneficial  and  if  they  are,  which  has  the  greatest  cost  to  benefit 
ratio. 

Justification  ■ _ Criticality _ 

Cost  Factor  X  Degree  of  Correction 

Once  the  concepts  were  identified,  the  terms  defined,  and  qualiatitive  levels 
established,  the  next  step  was  to  devise  hazard  analysis  formats  which  would 
incorporate  the  use  of  the  new  concepts. 

Pasc  experience  with  the  system  safety  of  APE,  had  demonstrated  that  three 
general  types  of  hazard  analysis  had  proven  efiective. 
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The  first  typ«  vat  basically  a  preliminary  haxard  analysis  type.  DEN  had 
used  four  variations  of  this  type  with  e-sch  variation  providing  a  mors  detailed 
review  of  the  equipment.  They  were: 

1.  A  preliminary  type  variation  used  at  concept  development; 

2.  A  system  type  variation  used  as  the  design  progressed; 

3.  A  sub-system  type  variation,  if  required  by  the  complexity  of  the 
APE,  used  as  the  system's  design  advanced; 

4.  A  component  type  variation  used  when  necessary  for  extremely 
coup lex  systems. 

The  second  type  of  analysis  which  had  proven  effected  was  the  Operation 
and  Support  Hasard  Analysis.  This  analysis  had  proven  effective  not  only  in 
the  analyse  of  the  APE,  but  had,  also,  been  used  when  developing  Standing 
Operating  Practices  (SOP)  for  engineering  tests. 

The  final  type  of  analysis  was  the  Failure  Modes  and  Effects  Analysis 
(FMEA).  The  FMEA,  while  not  as  rigorous  of  analysis  as  a  Fault  Tree,  does 
provide  results  which  are  useful  and  can  be  completed  with  far  less  expenditure 
of  man  hours,  especially  when  production  of  only  one  of  two  units  of  APE  is 
involved.  The  April  1968  issue  of  "Discover"  isagazine  contains  a  discussion  on 
FMEA  and  Fault  Tree  Analysis  in  an  article  titled  "They  Fly  In  The  Face  Of 
Danger". 


However  in  order  to  stay  consistent  with  the  criticality  of  other 
analyses,  the  method  of  determining  the  criticality  for  the  FMEA  had  to  be 
revised.  This  was  accomplished  by  defining  the  criticality  for  the  FMEA  as: 

CRITICALITY  ■  Usage  X  Failure  Rate  X  Replicaation  Factor  X  Severity 


where: 


Usage  is  a  measure  of  the  number  of  times  the  component  must  perform 
within  the  system; 

Failure  Rate  is  an  assessment  of  the  probability  of  failure  during  a 
given  time  period; 

Replication  Factor  is  a  measure  of  redundancy  within  the  system; 

Severity  is  a  measure  of  the  consequences  of  the  failure. 

The  qualitative  levels  for  each  of  the  factors,  used  by  DEN,  are  contained  in 
Appendix  B. 
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As  a  prerequisite ,  it  was  dacidad  that  tha  format  should  provide  mora 
information  than  was  currantly  includad  on  tha  hasard  analysis  formats,  Tha 
format  should  sarva  to  documant  tha  complata  history  of  tha  possible  safety 
deficiency  -  its  statue,  what  was  dona  to  correct  it,  what  type  of  aystem 
safety  precedence  should  be  used  to  correct  the  deficiency,  and  how  this 
effected  its  probability  of  occurrence. 

Further,  since  the  proposed  information  would  provide  more  than  just 
the  recognition  of  haaards,  it  was  decided  to  call  them  "Safety  Analysis" . 

In  order  to  accommodate  this  information,  it  was  realised  that  one  page 
would  be  required  for  each  possible  safety  deficiency  recognised. 

Based  on  the  aoove,  a  format  was  designed  by  DEN  which  previded  one 
page  for  each  safety  deficiency,  and  consisted  of  four  sections  of  information: 

1.  Safety  deficiency  status  information; 

2.  System  information; 

3.  Safety  deficiency  information; 

4.  Disposition  information. 

The  final  formats  for  each  of  the  diffeient  types  and  variations  of  types  are 
contained  in  Appendix  C. 

The  safety  deficiency  status  information  section  composes  the  top 
section  of  the  page  and  remains  constant  for  all  the  safety  analysis  formats 
used.  It  contains  the  following  information: 

1.  It  contains  the  date  the  page  was  last  printed; 

2.  The  page  number  of  the  sofety  analysis  of  which  it  was  a  part; 

3.  The  date  the  safety  deficiency  was  first  recongized  as  possible  and 

opened ; 

4.  The  hazard  tracking  number,  KAZTAC,  fer  that  individual  APE, 
assigned  when  opened; 

5.  Indication  whether  or  not  the  safety  deficiency  has  been  addressed 
and  closed,  and  if  closed,  has  the  correction  been  verified  as  incorporated 
into  the  design  and/or  manual; 

b.  The  ATE  number  assigned; 

7.  The  APE  title  assigned; 
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I.  Tbi  mm  of  the  project  onager  uiiiaidi 

9.  The  name  of  tha  safety  •valuator  performing  the  aafaty  analysis. 

Tha  next  taction  of  tha  page  consists  of  the  system  infornation.  Tha 
amount  of  information  in  this  saction  variaa  depending  on  tha  tj pa  of  aafaty 
analysis  being  par formed.  However,  tha  amount  of  information  providad  is 
consistant  with  tha  dagraa  to  which  tha  APB  is  being  analysed. 

Tha  third  saction  documents  itha  aafaty  deficiency,  which  wrs  determined 
could  occur  within  tha  APB.  It,  also,  includes  a  possible  solution  which  the 
project  manager  can  cousidar  in  rectifying  tha  deficiency. 

Tha  final  section  provides  documentation  of  the  corrective  action 
ultimately  selected.  It  indicates  what  type  of  system  safety  precedence  this 
action  represented,  the  effect  its  use  had  on  tha  criticality,  and  the  type  of 
result  achieved. 

Vhila  the  new  concepts,  techniques,  and  safety  analyses  providad  new  tools  for 
use  during  the  design  of  APE,  along  with  complete  documentation  of  the  system 
safety  effort,  one  of  the  original  goals  •  cost  effective  and  timely  manner 
-  had  not  bean  achieved. 

In  order  to  achieve  this  gof.i,  a  series  of  computer  programs  were 
designed  and  written.  These  program*  or  modular  where  designed  to  be  chained 
together  forming  one  large  computer  program,  called  HAZEL.  HAZEL  stands  for 
HAZard  EveLuat ion  program.  Using  this  technique,  HAZEL  could  constantly  be 
upgraded  by  the  addition  of  different  modules  to  meet  future  needs. 

HAZEL  was  designed  and  written  is  a  tool  to  be  used  for  system  safety. 
Therefore,  it  was  designed  to  be  user  friendly.  This  was  accomplished  through 
the  use  of  menu^driven  programs  (menus  and  program  flow  are  contained  in 
Appendix  D)  which  flow  from  one  menu  to  another,  always  allowing  return  to  the 
previous  menu,  until  arriving  at  the  task  to  be  performed. 

To  facilitate  maximum  use  of  memory  for  each  module,  to  permit  use  of  library 
routines,  to  provide  maximum  documentation  in  the  program  listing,  and  ;o 
accomplish  a  faster  execution  time,  Cbasic  by  Digital  Research  was  selected  as 
the  language  due  to  it  being  a  compiler  Basic  rather  than  an  interpretive 
Basic.  Further,  Cbssic  performs  error  checking  on  the  source  code  before 
translating  the  code  into  an  intermediate  program.  This  helps  eliminate  "bugs" 
with  in  the  program. 

HAZEL  was  designed  and  written  for  the  Raypro  II  computer  and  an  Epcon 
FX-80  printer.  However,  Cbasic  is  available  for  computers  based  on  the  INTEL 
8080,  808S  or  the  Zilog  Z80  microprocessors  using  CP/M,  MP / N  or  CP/NET 
operating  systems. 
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Currently,  HAZEL  consists  of  approxiMtely  IS  nodule*  and  ha*  bean  in 
uaa  for  six  month*.  Tha  major  "bugs"  have  baan  worked  out  of  tha  system. 
However,  a  few  minor  "bug  a'*  aay  at  ill  axiat  within  tha  ayatea,  which  have  not 
yet  been  diacovered. 

HAZEL* a  programs  are  praaantly  contained  on  two  prograa  diakettea.  Tha 
prograaa  indicate  whan  to  change  froa  one  diak  to  the  other  and  incorporate 
checking  routinaa  to  ineuro  the  correct  prograa  diak  ia  in  place. 

For  each  ayatea  being  analyaed,  HAZEL  requires  a  aaxiaua  of  eight 
diakettea.  Six  of  thaae  diakettea  are  for  each  of  the  six  aafety  analyaia 
which  can  currently  be  done  by  HAZEL. 

Each  analyaia  ia  contained  on  a  separate  diskette.  This  was  done  to 
allow  the  aaxiaua  nuaber  of  individual  records  for  each  aafety  analysis  file  to 
be  created.  The  aaxiaua  nuaber  of  haaards  which  can  be  currently  addressed  by 
any  one  analysis  ia  approxiaately  191.  However,  future  development  plana  call 
for  this  nuaber  to  be  increased  to  500  haaards  per  analysis.  This  would  allow 
a  total  of  30,000  haaarda  per  ayatea  to  be  recognised  and  tracked  by  HAZEL. 

One  of  tha  two  remaining  diakettea,  consist  of  a  a unwary  of  each  of  the 
safety  deficiencies  froa  the  other  six  diakettea  and  is  used  to  provide  haaard 
tracking  of  all  recognised  haaards. 

The  last  diskette  is  used  for  general  purpose  files  and  the  Safety 
Assessment  Report  file. 

However,  only  two  diakettea  are  initially  required  by  HAZEL  when  a 
system  file  is  created.  They  are  the  Safety  Assessment  File  diskette,  SAR,  and 
the  hasard  tracking  diskette,  HAZTAC. 

During  the  design  of  HAZEL,  it  was  decided  to  incorporate  a  hasard  checklist. 
The  checklist  used,  was  an  extended  version  of  the  "Hasard  Review  Checklist" 
fro*  the  appendix  of  Handbook  Of  System  And  Product  Safety  by  Willie  Hammer. 
However  to  allow  greater  flexibility,  the  checklist  was  designed  with  two 
additional  features  and  is  contained  on  a  separate  diskette. 

The  first  checklist  feature  allows  each  category  of  the  hasard 
checklist  to  be  reworded  to  better  describe  the  system  under  going  analysis. 

The  second  checklist  feature  allows  each  category  of  the  hasard 
checklist  to  be  expanded.  This  allows  the  checklist  to  grow  based  on  insight 
gained  from  experience  and  to  be  tailored  to  specific  types  of  systems. 

Another  feature  which  was  included  in  the  design  of  the  program  was  the  ability 
to  produce  labels.  Ten  different  labels  are  produced  by  HAZEL  when  a  new 
system  is  started.  The  ten  labels  include  one  for  each  type  of  diskette  used 
by  HAZEL,  plus  one  label  to  be  used  on  the  outside  of  the  diskette  container, 
and  one  to  be  used  on  a  file  folder. 
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In  order  Co  fulfill  tht  goal  "  coat  affactiva  and  timely  aaantr,  HAZEL  print  a 
*«ch  papa  of  avary  analysis,  aa  it  ia  parforaad.  Tharafora  aa  aaeh  aafaty 
deficiency  ia  recognised,  it  ia  documented  an  8-1/2  by  11  continuoua  fora 
paper.  Thia  docuaantation  ean  than  bo  given  to  tha  project  aanagar  for  hia 
disposition.  Further,  uhan  tha  aafaty  daficiancy  ia  addressed,  an  updatad  copy 
of  tha  aafaty  deficiency  paga  can  ba  returned  and  uaad  to  update  that  paga  of 
tha  analysis.  Thia  than  producaa  a  naw  paga  of  docuaantation,  showing  whether 
or  not  additional  consideration  ia  required  by  tha  program  aanagar. 

Sacondly  at  any  giva  tiaa,  a  HAZTAC  report  can  be  produced  for  any 
system,  which  ranks  all  safety  daficiancias  by  their  criticality.  Tha  report 
indicates  which  safety  analysis  indicated  tha  deficiency,  its  status  aa  to 
open*  closed  or  closed  and  verified,  its  paga  number,  tha  type  of  haaard,  type 
of  action  used,  tod  result  of  that  action  used.  Purthar,  it  provides  a  summary 
of  all  tha  haaards. 

Thia  summary  provides  tha  numbers  and  percentages  far  all  tha  aafaty 
deficiencies  by  four  classifications  of  information.  It  first  classifies  tha 
safety  deficiencies  by  whether  they  are  open,  closed,  or  closed  and  verified. 
Than  is  classifies  tha  safety  daficiancias  by  tha  safety  precedence  used.  Tha 
third  classification  is  by  tha  type  of  result  obtained  by  the  action  used.  Tha 
final  classification  ia  by  tha  type  of  action  which  should  ba  uaad  based  on  tha 
degree  of  criticality. 

Two  additional  avaluationa  have  bean  added  to  HAZEL,  since  its  original  design. 
They  are  evaluations  of  the  electrical  environment  and  tha  APB1 a  machine 
safeguarding. 

Due  to  the  nature  of  APB,  an  evaluation  was  added  which  could  ba  used  during 
tha  concept  phase  to  classify  and  document  electrical  requirements  for  the  type 
or  types  of  environments  in  which  the  APB  would  he  per  fronting.  Thereby 
reducing  the  cost,  due  to  over  designing  of  the  electrical  system. 

Thia  claaaif ication  of  electrical  environments  is  based  cn  tha  U.S. 
Army  Material  Command's  Safety  Manuals.  AMC-R  385-100,  Ernest  C.  Mugison's 
booh.  Electrical  Instruments  In  Hassrdous  Locations,  and  Tha  Mational 
Electrical  Coda  Handbook. 

Tha  evaluation  of  tha  amchine'a  safeguarding  is  based  on  a  modified  checklist 
developed  by  the  U.S.  Department  of  Labor's  Occupational  Safety  and  Health 
Administration  and  published  in  Concaptt  And  Techniques  of  Machine 
Safeguarding.  OSHA  3067. 

Thia  modified  checklist  ia,  also,  included  in  a  recently  developed 
inhouse  nublication  by  this  author,  entitled  Machine  Safeguarding  Design 
CritwnLa  For  Ammunition  Peculiar  Equipment.  This  publication  was  developed  to 
aid  DEN  designers,  so  that  safeguarding  was  done  during  the  design  process, 
rather  than  as  sn  after  thought. 
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A  final  feature  which  we?  incorporated  into  the  development  of  HAZEL  was 
compatibility  with  two  commercially  available  software  packages  which  are 
standard  software  on  the  Kaypro  II.  They  are  "Wordstar"  and  "The  Word".  "The 
Word"  allows  HAZEL's  files  to  be  checked  and  corrected  for  spelling  errors. 
"Wordstar"  provides  capability  to  correct  typographical  errors,  edit  files, 
and,  also,  to  reestablish  record's  lengths  changed  by  "The  Word". 

During  the  six  months  nace  the  use  of  the  new  concepts,  system  safety  formats, 
and  HAZEL  in  DEH,  system  safety  has  been  able  to  be  more  responsive  to  the 
needs  of  the  program  manager  and  the  APE  program. 

The  new  concepts  provide  t.he  program  manager  and  safety  engineer  with 
new  tools  to  eliminate  safety  deficiencies  with  in  a  system.  The  safety 
deficiency  can  now,  either  be  eliminated  by  changing  the  exposure  of  the 
stimulus  within  the  system  or  interrupting  the  mishap  set  to  produce  either  a 
null  set  or  acceptable  risk. 

The  use  of  criticality  has  provided  a  new  tool  in  determining  which 
safety  deficiencies  are  most  likely  to  incur  the  greatest  total  loss  over  the 
life  of  a  system.  Thereby,  permitting  allotment  of  funds  proportionally. 

HAZEL  has  eliminated  the  time-consuming  hand  writing  of  the  analysis; 
and  then  waiting  for  the  draft  to  appear  at  the  top  of  the  clerical  person's 
pile,  in  order  to  have  legible  copies. 

HAZEL  takes  advantage  of  what  a  computer  does  best  -  repetitive  tasks 
such  as  copying,  filing,  sorting,  memorizing,  and  printing;  while  allowing  the 
user  to  think,  evaluate  and  create. 


APPENDIX  A 


Definition  of  Qualitative  Levels 


STIMULUS  EXPOSURE 


The  following  qualitative  levels  were  defined  to  express  the  likelihood 
of  stimulus  exposure,  along  with  its  symbol  used  on  the  analyses,  and 
contribution  value  to  criticality. 

1.  The  stimulus  occurs  continuously  or  many  times  daily.  It  is 
assigned  the  symbol  "A"  and  a  value  of  10. 

2.  The  stimulus  occurs  frequently  or  approximately  once  per  week.  It 
is  assigned  the  symbol  "B"  and  a  value  of  6. 

3.  The  stimulus  occurs  occasionally  or  from  once  per  week  to  once  per 
month.  It  is  assigned  the  symbol  "C"  and  a  value  of  3. 

4.  The  stimulus  is  unusual  or  from  once  per  month  to  once  per  year.  It 
is  assigned  the  symbol  "D"  and  a  value  of  2. 

5.  The  stimulus  is  rare,  but  has  been  known  to  occur.  Its  assigned 
symbol  is  "E"  and  a  value  of  1. 

6.  The  stimulus  is  remotely  possible  but  it  has  not  been  known  to 
occur.  Its  assigned  symbol  is  "F"  and  a  value  of  0.5. 

7.  The  stimulus  cannot  physically  occur.  Its  assigned  symbol  is  "G" 
and  a  value  of  0.0. 

MISHAP  SET  PROBABILTY 


The  following  qualitative  levels  were  defined  to  express  the  likelihood 
of  the  occurence  of  the  mishap  set,  along  with  its  symbol  used  on  the  analyses 
and  criticality  contribution  value. 

1.  The  complete  mishap  set  is  the  most  likely  and  expected  result,  if 
the  potential  energy  is  converted  and  released  by  the  stimulus.  Its  assigned 
symbol  is  "a"  and  a  value  of  10. 

2.  The  complete  mishap  set  is  quite  possible,  not  unusual,  has  an  even 
50/50  chance,  if  the  potential  energy  is  converted  and  released  by  the 
stimulus.  Its  assigned  symbol  is  "b"  and  a  value  of  6. 

3.  The  complete  mishap  set  would  be  an  unusual  sequence  or 
coincidence,  if  the  potential  energy  is  converted  and  released  by  the  stimulus. 
Its  assigned  symbol  is  "c"  and  a  value  of  3. 
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4.  The  complete  mishap  set  would  be  a  remotely  possible  coincidence  if 
the  potential  energy  is  converted  and  released  by  the  stimulus.  Its  assigned 
symbol  is  "d"  and  a  value  of  1 . 

5.  The  complete  mishap  set  has  never  happened  after  many  years  of 
exposure,  but  is  conceivably  possible  if  the  potential  energy  is  converted  and 
released  by  the  stimulus.  Its  assigned  symbol  is  "e"  and  a  value  of  0.5. 

6.  The  complete  mishap  set  is  practically  impossible  to  occur,  if  the 
potential  energy  is  converted  and  released  by  the  stimulus.  Its  assigned 
symbol  is  "f"  and  a  value  of  0.1. 

7.  The  complete  mishap  set  is  impossible  to  occur  if  the  potential 
energy  is  converted  and  released  by  the  stimulus.  Its  assigned  symbol  is  "g" 
and  its  assigned  value  is  0.0. 

SEVERITY 


The  following  qualitative  levels  were  defined  to  express  the  severity 
of  the  mishap,  along  with  its  symbol  used  on  the  analyses  and  its  criticality 
contribution  value. 

1.  Catastrophe  -  Numerous  fatalities,  damage  over  $1,000,000.  Its 
assigned  symbol  is  "I"  and  the  value  of  100. 

2.  Severe  -  Multiple  fatalities;  damage  $500,000  to  $1,000,000,  or 
loss  of  APE.  Its  assigned  symbol  is  "II"  and  a  value  of  50. 

3.  Critical  -  Fatality,  damage  $100,000  to  $500,000  or  more  than  30 
days  to  repair  the  APE.  Its  assigned  symbol  is  "III"  and  a  value  of  25. 

4.  Serious  -  Extremely  serious  injury  (permanent  disability),  damage 
$1,000  to  $100,000  or  repair  of  APE  requiring  one  week  to  30  days.  Its  assigned 
symbol  is  "IV"  and  a  value  of  15. 

5.  Marginal  -  Disabling  injury  (temporary  total  disability),  damage  up 
to  $1,000  or  repair  to  APE  requiring  more  than  eight  hours  to  one  week,  Its 
assigned  symbol  is  "V"  and  a  value  of  5. 

6.  Negligible  -  Injury  requiring  first  aid  or  minor  supportive  medical 
treatment  not  causing  lost  work  days  or  restricted  work  activities,  correctable 
end  item  damage,  or  damage  to  APE  repairable  in  eight  hours  or  less.  Its 
assigned  symbol  is  "VI"  and  a  value  of  1. 

7.  None  -  No  injury  or  damage.  Its  assigned  symbol  is  "VII"  and  a 
value  of  0.0. 

SAFETY  CORRECTION  FACTOR 

The  following  qualitative  levels  were  defined  to  express  the  safety 
correction  factor,  along  with  its  symbol  used  on  the  Safety  Cost/Benefit 
analysis  and  its  contribution  value. 
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1.  A  reduction  in  either  stimulus  exposure  or  mishap  set  probability 
resulting  in  one  level  of  reduction.  Its  assigned  symbol  is  "1"  and  a  value  or 
6. 

2.  A  reduction  in  either  stimulus  exposure  or  nis'uap  set  probability 
resulting  in  a  combined  reduction  of  two  levels.  Its  assigned  symbol  is  "2" 
and  a  value  of  5. 

3.  A  reduction  in  either  stimulus  exposure  or  mishap  set  probability 
resulting  in  a  combined  reduction  of  three  levels.  Its  assigned  symbol  is  "3" 
and  a  value  of  4. 

4.  A  reduction  in  either  stimulus  exposure  or  mishap  set  probability 
resulting  in  a  combined  reduction  of  four  levels.  Its  assigned  symbol  is  "4" 
and  a  value  of  3. 

5.  A  reduction  in  either  stimulus  exposure  or  mishap  set  probability 
resulting  in  a  combined  reduction  of  five  levels.  Its  assigned  symbol  is  "5" 
and  value  of  2. 

6.  A  reduction  in  either  stimulus  exposure  or  mishap  set  probability 
resulting  in  a  combined  reduction  of  six  levels.  Its  assigned  symbol  is  "6" 
and  a  value  of  1 . 

SAFETY  COST  FACTOR 


The  following  qualitative  levels  were  defined  to  express  the  safety 
cost  factor  along  with  its  symbol  used  on  the  Safety  Cost/Beoefit  analysis  and 
its  contribution  value. 

1.  Cost  estimated  to  correct  is  over  $50,000.  Its  assigned  symbol  is 
"A"  and  a  value  of  10. 

2.  Cost  estimated  to  correct  is  $25,000  to  $49,999.  Its  assigned 
symbol  is  "B"  and  a  value  of  6. 

3.  Cost  estimated  to  correct  is  $10,000  to  $24,999.  Its  assigned 
symbol  is  "C"  and  a  value  of  4 

4.  Cost  estimated  to  correct  is  $1,000  to  $9,993.  Its  assigned  symbol 
is  "D"  and  a  value  of  3. 

5.  Cost  estimated  to  correct  is  $100  to  $999.  Its  assigned  symbol  is 
"E"  and  a  value  of  2. 

f,  Cost  estimated  to  correct  is  $1  to  $99.  Its  assigned  symbol  is  "F" 
and  a  value  of  1 . 
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APPENDIX  B 

DEFINITION  OF  FMEA  QUALITATIVE  LEVELS 


Frilure  Mode? 


The  following  failure  modes  are  automatically  considered  during  the 
evaluation. 

a.  Premature  operation. 

b.  Failure  to  operate  at  a  prescribed  time. 

c.  Intermittent  operation. 

d.  Failure  to  cease  operation  at  a  prescribed  time. 

e.  Loss  of  output  or  failure  during  operation. 

f.  Degraded  output  or  operational  capability. 

g.  Other  unique  failure  as: 

Usage  Rate  Factor 

The  following  qualitative  levels  were  defined  to  express  the  usage  of  the 
unit  being  evaluated,  along  with  their  symbol  used  on  the  analysis,  and  value 
contributed  to  criticality. 

a.  The  mechanism  is  a  safety  device  or  life  support  system.  Value  is 
10.0.  Symbol  used  is  SD. 

b.  The  mechanism  is  used  continuously,  every  system  cycle.  Value  is  10.0. 
Symbol  used  is  i. 

c.  The  mechanism  is  used  frequently,  every  other  system  cycle.  Value  is 
5.0.  Symbol  used  is  ii. 

d.  The  mechanism  is  used  occasionally,  or  at  least  once  per  day  or  eight 
hours  of  use. Value  is  2.5.  Symbol  used  is  iii. 

e.  The  mechanism  is  seldom  used,  or  only  under  special  circumstances. 
Value  is  1.0.  Symbol  used  is  iv. 

f.  The  mechanism  is  rarely  used,  or  only  used  as  back-up.  Value  is  0.5. 
Symbol  used  is  v, 

g.  The  mechanism  is  never  used,  but  does  have  a  purpose.  Value  is  0.1. 
Symbol  used  is  vi. 

b.  The  mechanism  has  no  operational  function.  Value  is  0.0.  Symbol  used 
is  vii. 
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Failure  Rata  Factor 


The  following  qualitative  levels  were  defined  to  express  the  failure  rate 
of  the  unit  being  evaluated,  along  with  its  symbol  used  on  the  analysis,  and 
value  contributed  to  criticality. 

a.  The  mechanism  will  fail  at  least  once  per  shift  or  8  hours  of  use. 
Value  to  10.  Symbol  used  is  a. 

b.  The  mechanism  will  fail  at  least  once  per  week  or  40  hours  of  use. 
Value  to  8.  Symbol  used  is  b. 

c.  The  mechanism  will  fail  at  least  once  per  month  or  172  hours  of  use. 
Value  to  6.  Symbol  used  is  c. 

d.  The  mechanism  will  fail  at  least  once  per  year  or  during  the  first  1040 
hours  of  use.  Value  to  3.  Symbol  used  is  d. 

e.  The  mechanism  will  fail  at  least  once  in  2  years  or  during  the  first 
2080  hours  of  use.  Value  to  2.  Symbol  used  is  e. 

f.  The  mechanism  is  extremely  reliable,  will  last  longer  than  2  years  or 
2080  hours  of  usage.  Value  is  1.  Symbol  used  is  f. 

g.  The  mechanism  has  never  been  known  to  fail,  but  failure  is  conceivably 
possible.  Value  is  0.5.  Symbol  used  is  g. 

h.  The  mechanism's  design  is  such,  that  it  is  practically  impossible  for 
it  to  fail.  Value  is  0.1.  Symbol  used  la  h. 

i.  The  mechanism's  design  is  such,  that  it  is  physically  impossible  for  it 
to  fail.  Value  is  0.  Symbol  used  is  j. 

Redundancy  (R)  Factor 

The  following  qualitative  levels  were  defined  to  express  the  redundancy 
factor  of  the  unit  being  evaluated,  along  with  its  symbol  used  on  the  analysis, 
and  value  contributed  to  criticality.  The  values  used  when  there  is  a 
reduncant  unit  are  based  on  a  failure  rate  of  0.75.  This  was  chosen  to 
represent  a  realistic,  yet  very  conservative  value. 

a.  No  redundancy  of  mechanism.  Value  is  l.C.  Symbol  used  is  0. 

b.  One  redundant  mechanism  is  used.  Value  of  0.0625.  Symbol  used  is  1. 

c.  Two  redundant  mechanisms  are  used.  Value  of  0.0156.  Symbol  used  is  2. 

d.  Three  redundant  mechanisms  are  used.  Value  is  0.0004.  Symbol  used  is  3. 

e.  Mechanism  eliminated  by  re-design.  Value  is  0.  Symbol  used  is  4. 
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Severity  Factor 


The  following  qualitative  level?  were  defined  to  express  the  severity  of 
the  resultant  effect  on  the  system  due  to  the  failure  of  the  unit  being 
evaluated,  along  with  their  symbol  used  on  the  analysis,  and  value  contributed 
to  criticality. 

a.  CATASTROPHE :  Numerous  fatalities;  damage  over  $1,000,000;  major 
disruption  of  activities,  loss  of  production  facilities.  Value  is  100.  Symbol 
used  is  I. 

b.  SEVERE :  Multiple  fatalities;  damage  $500,000  to  $1,000,000  or  loss  of 
APE.  Value  is  50.  Symbol  used  is  II. 

c.  CRITICAL:  Fatality,  damage  $100,000  to  $500,000  or  requiring  more  than 
30  days  to  repair  the  APE.  Value  is  25.  Symbol  used  is  III. 

d.  SERIOUS :  Extremely  serious  injury  (permanent  disability);  damage  $1,00 
to  $100,000;  or  repair  of  APE  requiring  one  week  to  30  days.  Value  is  15. 
Symbol  used  is  IV. 

e.  MARGINAL :  Disabling  injury  (temporary  total  disability);  damage  up  to 
$1,000;  or  repair  of  APF  requiring  up  to  one  week.  Value  is  5.  Symbol  used  is 
V. 


f.  NEGLIGIBLE :  Injury  requiring  first  aid  or  minor  supportive  medical 
treatment  not  causing  lost  workdays  or  restricted  uork  activities  or 
correctable  end  item  damage  or  damage  to  APE  accepted  as  incident  to  operation. 
Value  is  1.  Symbol  used  is  VI. 

NONE .  No  injury  or  damage.  Value  is  0.  Symbol  is  VII. 


APPENDIX  C 


SAFETY  ANALYSIS  FORMATS 


PRELIMINARY  SAFETY  ANALYSIS 


Data: 


Data  Opened : 
HAZTAC  No. 


APB  No. 


System: 


Hasard: 


Stimulus: 


STATUS  CLOSED  (  )  VERIFIED  (  ) 


Tittle: 


Maximum  Credible  Mishap: 


Mishap  Set: 


Initial 

Exposure 


Probability 


Recommended  Corrective  Action: 


Actual  Corrective  Action: 


Final 

Exposure 


Probability 


Evaluated  by 


Severity 


Criticality 


Severity 


Criticality 


Type  Action:  DESIGN  (  )  SAFETY  DEVICE  (  )  WARNING  DEVICE  (  )  PROCEDURE  (  ) 


RESULT:  ELIMINATED  (  )  REDUCED  (  )  CONTROLLED  (  )  TRADE-OFF  (  ) 


SYSTEM  SAFETY  ANALYSIS 


Data: 

D4ta  Opened : 
HAZTAC  No. 
APE  Ho. 

P.M. 

Syitia: 


Haiar d : 

Stimulus: 


Maximum  Credible  Mishap: 


Mishap  Set: 

1 

2 

3 

4 

5 

6 

7 

8 

Initial 

Exposure  Probability  Severity  Criticality 


Recommended  Corrective  Action: 


Actual  Corrective  Action: 


Final 

Exposure  Probability  Severity  Criticality 


Type  Action:  DESIGN  (  )  SAFETY  DEVICE  (  )  WARNING  DEVICE  <  ) 


RESULT:  ELIMINATED  (  )  REDUCED  (  )  CONTROLLED  (  )  TRADE-OFF 


Page 

STATUS  CLOSED  (  )  VERIFIED  (  ) 

Title: 

Evaluated  by 


PROCEDURE  (  ) 

(  ) 
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SUB-SYSTEM  SAFETY  ANALYSIS 

Date:  Pigi 

Date  Opened : 

HAST AC  No.  STATUS  CLOSED  (  )  VERIFIED  {  ) 

APB  No,  Titlo: 

P.M.  Evaluated  by 

System: 

Sub-System: 


Hazard: 

Stimulus: 


Maximum  Credible  Mishap: 


Mishap  Set: 

1 

2 

3 

4 

5 

6 

7 

8 


Initial 

Exposure 

Probability 

Severity 

Criticality 

Recommended 

Corrective  Action: 

Actual  Corrective  Action: 


Final 

Exposure  Probability  Severity  Criticality 

Type  Action:  DESIGN  (  )  SAFETY  DEVICE  (  )  WARNING  DEVICE  (  ) 

RESULT:  ELIMINATED  (  )  REDUCED  (  )  CONTROLLED  (  )  TRADE-OFF 


PROCEDURE  (  ) 

(  > 
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COMPONENT  SAFKTT  AX ALTS 18 


DUts  Pag* 

Date  Opened: 

HAST AC  No. 

APS  No. 

P.N. 

System: 

Sub- sy* tea: 

CoapoMAt: 


Buatd: 

Stimulus: 


XixiauN  Credible  Mishap: 


Mishap  Sat : 

1 

2 

3 

4 

5 

6 

7 

8 

Initial 

Exposure  Probability  Severity  Criticality 


Recosseended  Corrective  Action: 


STATUS  CLOSED  (  )  VERIFIED  (  ) 


Title: 


Evaluated  by 


Actual  Corrective  Action: 

Pinal 

Exposure  Probability  Severity  Criticality 

Type  Action:  DESIGN  (  )  SAFETY  DEVICE  (  )  WARNING  DEVICE  (  ) 

RESULT:  RUMINATED  (  )  REDUCED  (  )  CONTROLLED  (  )  T? ADE-OFF 
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PROCEDURE  (  ) 

(  ) 


OPKBATMG  am  SUPPORT  SAFETY  ANALYSIS 


Data:  page 

Date  Opened: 

RAXTAC  No.  STATUS  CLOSED  (  )  VERIFIED  (  ) 

APS  No.  Title: 

P.N.  Evaluated  by 

Operation/ Support : 

Purpose: 

Retard : 

\ 

Stiaulua: 


Maxinun  Credible  Miahap: 
Mishap  Set: 


1 

2 

3 

4 

5 

6 

7 

8 

Initial 

Exposure  Probability 


Reconaended  Corrective  Action: 


Severity 


Criticality 


Actual  Corrective  Action: 


Final 

Exposure  Probability  Severity  Criticality 


Type  Action:  DESIGN  (  )  SAFETY  DEVICE  (  )  WARNING  DEVICE  (  ) 
RESULT:  ELIMINATED  (  )  REDUCED  (  )  CONTROLLED  (  )  TRADE-OFF 


PROCEDURE  (  ) 

(  ) 
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FAILURE  MOOS  AltO  EFFECTS  SAFETY  ANALYSIS 


Date: 

Data  Opened: 
SASTAC  do. 
APS  So. 

P.M. 

Component: 


Pag* 


STATUS  CLOSED  (  )  VERIFIED 


Title: 


Evaluated  by 


) 


Purpose: 
Failure  Mode: 


Effect  on  Component 


Effect  on  Sub-systee: 


Effect  on  Syatee: 


Initial  .  . 

Usage:  Fail  Rate:  R.F. :  SEV:  Criticality 

Recomsended  Corrective  Action: 

Actual  Corrective  Action: 

Final  .  .  , . 

Usage:  Fail  Rate:  R.F.:  SEV:  Criticality 

Type  Action:  DESIGH  (  )  SAFETY  DEVICE  (  )  WARMING  DEVICE  (  )  REDUNDACY  ( 

RESULT:  ELIMINATED  (  )  REDUCED  (  )  CONTROLLED  C  )  TRADE-OFF  (  ) 
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APPENDIX  D 


SAMPLE  MENUS  AND  PROGRAM  FLOW 


9 
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OPENING  SCREEN 

This  section  contains  sample  menus,  shows  how  HAZEL  flows  from  one  menu  to 
another,  and  contains  sample  screens  for  starting  a  new  file,  the  Preliminary 
Safety  Analysis  and  Failure  Modes  and  Effects  Safety  Analysis. 

The  opening  screen  is  shown  above.  This  screen  appears  when  the  program  is 
first  executed. 


NAME  AND  DATE  SCREEN 

Th.  second  screen  shown  shove,  requests  th.t  the  n..«l»f  the  user  end  the 
current  date  be  entered. 

r  ,-sa  ssass  sssrs 

analyses. 

If  the  Information  is  entered  incorrectly,  it  ten  be  reentered  by  answering 
"N"  or  "n"  for  the  prompt. 
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HAZEL 

HOSIER  MENU  1  1 

.. 

Directory  of  Project* 

2« 

Start  o  m  Project  Fil* 

3. 

MATE  •  Project'*  File 

4. 

EVALUATE  a  Project 

5. 

UPDATE  a  Hasard  Analysis 

t. 

PRINT  a  Harare  Analysis 

7. 

Run  NA2TAC 

8. 

second  mm 

9. 

a _ 

QUIT 

Enter  Option  desired  [1-93?- 

MASTER  MENU  # 1 

This  is  the  first  master  menu.  HAZEL  consists  of  two  master  menus  at  this 
time;  however,  more  menus  can  be  added  to  her  to  increase  the  tasks  she  can 
complete. 

To  go  the  second  master  menu,  enter  "8''  as  the  option. 

HAZEL  will  indicate  the  selection  of  "8"  by  placing  stars  between  the  "8" 
and  "SECOND  MENU";  and  then  asking  if  this  is  the  correct  option  desired. 
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MASTER  MENU  #2 

This  is  the  second  master  menu.  Option  5  and  6  are  unused  at  this  time  are 
available  for  future  develoment. 

To  return  to  the  first  master  menu,  enter  "8"  as  the  option. 
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SELECTION  OF  "START  A  NEW  PROJECT  FILE"  OPTION 

When  the  system  safety  for  a  project  is  first  begun,  a  master  file  for  that 
project  must  be  established.  This  is  accomplished  using  option  2  of  Master 
Menu  #1 . 
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TRANSITION  SCREEN 

The  above  screen  is  typical  of  the  type  of  screen  which  appears  when  HAZEL  is 
moving  from  one  program  to  another. 
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MASTER  FILE  SCREEN 

This  is  the  screen  which  will  appear  when  a  new  project  is  being  added  to  the 


Each  item  can  be  entered  by  indicating  tho  number  or  letter  fox  that  item. 
Each  item  can  be  entered  as  many  times  as  desired,  until  the  file  data  is 


mmmmmmmmmmmmmmmmmmmunxit. 

F.lE  t  Disk  No.  4  !.  Title  $a»ple  for  Display 

* 

*********  2.  APE  1806  3.  JON  A87-628-8881  4.  ANC  *  A8S-8S8 


*  DATE 

*  5.  Started  29  Jul  8S 

* 

*  8.  P.  H.  Ken  Proper 

* 

I  9.  Status:  Concept 
* 

*  A  SAP  Coaplete  MO 

* 

* 

* 

* 


6.  Coap'd  unltn 


?.  Test  unkn 


8  Purpose 
C  Munitions 
0  PSA 
E  SSA 
F  SSSA 
6  CSA 
H  QtSSA 


Peq 

Y 

Y 

Y 

Y 

Y 

Y 

Y 


Started 

N 

N 

N 

N 

N 

H 

M 


Done 

N 

M 

N 

N 

N 

N 

N 


l 

I 

I 

I 

I 

I 

t 

I 

I 

I 

* 


*  I  FMEA  Y  M  N  * 

nmmmmmtmtntmtttmmmtmntmtmtttttmtmtmtmmtt 

<ESC>  TO  QUIT 


Enter  nuaber  or  letter  of  itea  to  enter  ?  . 


COMPLETED  MASTER  FILE  SCREEN 

This  is  a  sample  of  a  completed  Master  File  Screen. 

This  is,  also,  the  same  screen  which  would  appear  if  the  file  was  being 
updated,  using  option  3  of  Master  Menu  #1. 

Once  the  information  is  correct,  use  the  "ESCAPE"  key  to  go  to  the  next 
screea. 
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MASTER  FILE  SAVE  SCREEN 

This  screen  allows  the  data  entered  to  be  saved  or  not. 

If  the  new  or  changed  data  is  not  to  be  saved,  entering  "N"  will  cause 
HAZEL  to  return  to  Master  Menu  #1. 

If  the  Update  File  option  were  used,  the  changed  data  would  be  saved  and 
printed,  and  then  HAZEL  will  return  to  Master  Menu  #1. 
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MASTER  FILE  SETUP  SCREEN  #2 

This  is  the  tuxt  screen  which  would  appear  when  starting  a  new  project  file. 

Once  the  labels  have  been  placed  in  the  printer,  the  pressing  of  the  space 
bar  will  cause  them  to  be  printed. 

Ten  labels  will  be  produced. 
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MASTER  FILE  SETUP  SCREEN  #3 

Using  this  screen,  HaZEL  calls  for  a  formatted  disk  to  be  placed  in  Drive  B. 

Once  the  disk  has  been  inserted  and  the  space  lar  pressed,  HAZEL  will 
create  and  write  master  files  on  this  disk. 
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I 


MASTER  FILE  SETUP  SCREEN  #4 

Using  this  screen,  HAZEL  calls  for  a  formatted  disk  to  be  placed  in  Drive  B. 

Once  the  disk  has  been  inserted  and  the  space  bar  pressed,  HAZEL  will 
create  and  write  the  files  necessary  for  tracking  all  safety  deficiencies  found 
by  the  safety  evaluations  completed. 


After  this  ha9  been  completed,  HAZEL  will  return  to  Master  Menu  #1. 


FIND  PROJL  f  SCREEN  #1 

Whenever  any  option  selected  on  either  menu  involves  the  evaluation,  updating 
or  printing  of  a  project,  the  above  screen  appears. 

This  screen  allows  changing  from  one  project  to  another  without  having  to 
re-load  HAZEL. 

If  it  is  wished  to  continue  with  the  current  system  or  project  then  "N"  or 
"n"  is  entered;  and  HAZEL  will  continue  with  the  option  selected. 

If  it  is  wished  to  change  systems  then  either  a  'V  or  Mv'  is  entered;  and 
then  HAZEL  will  present  Find  Project  Screen  #2. 
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I 

I 


FIND  PROJECT  SCREEN  #2 

HAZEL  will  ask  if  the  Disk  Number  for  the  system  is  known. 

If  not,  HAZEL  will  request  the  Directory  option  be  used  to  find  it  and 
return  to  Master  Menu  #1. 

If  it  is  known,  HAZEL  will  ask  for  it  to  be  entered. 

Then  HAZEL  will  show  the  name  of  the  project  aab  ask  if  it  is  correct.  If 
cirrect,  HAZEL  will  then  load  the  option  requested. 
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MASTER  MENU  «  1 


Directory  of  Projects 
Start  a  NEW  Project  File 
UPDATE  a  Project’s  File 
EVALUATE  a  Project 
UPDATE  a  Hazard  Analysis 
PRINT  a  Hazard  Analysis 
Run  HAZTAC 
SECOND  HENV 
QUIT 


EVALUATION  PROCESS 

The  following  screens  and  menus  will  show  the  process  of  evaluating,  updating 
and  printing  for  two  types  of  Safety  Analysis  -  Preliminary  and  FMEA. 
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EVALUATION  MENU 


HAZEL 


Conduct  i  froliiinary  Hazard  Analysis 
Conduct  a  Systw  Hazard  Analysis 
Conduct  a  $ub-$yste»  Hazard  Analysis 
Conduct  a  Component  Hazard  Analysis 
Conduct  an  Operatiny  t  Support  Hazard  Analys;: 
Conduct  a  Failure  Nodes  t  Effect  Analysis 
SUIT 

Enter  Option  desired  11-73  ?  . 


EVALUATION  MENU 

Thia  ntenu  allows  selection  of  the  type  of  evaluation  to  be  conducted. 
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mill 

EWUMTION  MENU 

Conduct  o  Preliminary  Hazard  Analysis 

2. 

Conduct  a  System  Hazard  Analysis 

3. 

Contact  a  Sub-System  Hazard  Analysis 

4. 

Conduct  a  Component  Hazard  Analysis 

5. 

Conduct  an  Operatic  t  Support  Hazard  Analysis 

S. 

Conduct  a  Failure  Nodes  I  Effect  Analysis 

?. 

QUIT 

Is  this  correct  IY/H]  ?  . 

£ 


SELECTION  OF  EVALUATION 

Here  the  stars  between  "1"  and  "Conduct  a  Preliminary  Hasard  Analysis"  indicate 
this  option  was  selected. 
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HAZEL 

mmmmmtsm 

LOAttNG 

ANALYZE 

PREIIHIHARY 

SAFETY  EVALUATION 


CHANGING  PROGRAM  SCREEN 

This  screen  indicstes  HAZEL  is  loading  a  nev  prograa 
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LOAD  HAZARD  CHECKLIST  FILE  SCREEN 

HAZEL  is  requesting  the  Hazard  Checklist  File  be  placed  in  Drive  A. 

She  will  check  to  be  sure  the  correct  disk  was  placed  in  Drive  A  before 
continuing. 


LOAD  PSA  DISK  SCREEN 

HAZEL  will  then  request  the  PSA  disk  to  be  pieced  in  Drive  B. 

She  will  check  to  see  the  correct  dick  is  pieced  in  Drive  B  before 
continuing. 
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WRONG  DISK  SCREEN 

Since  the  PSA  disk  has  never  been  used  and  the  disk  in  Drive  B  is  a  blank, 
formatted  disk,  HAZEL  is  asking  if  this  is  the  disk  to  be  used  in  the  future 
for  PSA. 

If  the  answer  is  yes,  then  HAZEL  will  setup  the  correct  files  and  continue. 

If  the  answer  is  no,  then  HAZEL  will  wait  for  the  disk  to  be  changed  and 
rechecked  until  the  correct  disk  is  in  place. 
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% 

-4 


PRELIHINrRY 


»  •  %  V  * 


Mo.  leee  Title  Siiple  for  Display 
jsiifale  Haserdi  Acceleration 

Is  this  H«ard  present  Y/N  ? 


PSA  SCREEN  #1 

This  is  the  first  screen  of  the  PSA  evaluation  sequence. 

If  the  safety  evaluation  was  a  System,  Sub-system,  Component  or  Operating 
and  Support,  HAZEL  would  have  requested  information  above  the  item  being 
evaluated. 

If  this  hasard  were  not  present,  a  "N"  or  "n"  would  be  entered,  and  the 
next  hasard  would  appear.  This  would  continue  until  all  hasarda  currently  on 
the  list  were  evaluated.  F1AZEL  would  then  ask  if  a  new  hasard  was  to  be 
entered,  and  if  so,  whether  to  add  it  to  the  permanent  list  for  future  use. 

NOTE:  At  any  time,  pressing  the  "ESCAPE"  key  will  terminate  the 

evaluation  process. 


PRELIMINARY 

Ditf  29  Jul  ft  ......  Pi*  1 

APE  No.  IM9  THU  $*Rl*  for  Ditolov 
Pottiblo  Nmrd*  Acetlofotion 

Pottiblo  Stiaulutt  Mohiclt,  bodv,  of  fluid  b*in«  trt  into  ooUon  of  incrootint 

mod. 

It  this  Siiaulut  omoot  Y/N  ?  - 


PSA  SCREEN  #2A 

The  next  etep  is  to  determine  Che  stimulus  through  which  the  hazard  would 
manifest  itself. 

If  this  stimulus  were  not  present,  a  "N"  or  ,,n"  would  be  entered,  and  the 
next  stimulus  would  appear.  This  would  -Continue  until  all  stimulus  currently 
on  the  list  were  evaluated.  HAZEL  would  then  ask  if  a  new  stimulus  was  to  be 
entered,  and  if  so,  whether  to  add  it  to  the  permanent  list  for  future  use. 

If  this  stimulus  were  present,  HAZEL  would  continue  with  this  screen. 
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PRELIMINARY 

UU  2$  Jul  $6  Pay* 

riF£  No.  1888  THlt  $#»*>!♦  for  Display 
Possible  Hazards  Aocalnation 

Possible  $ti»uluss  Mohicl*,  body,  or  fluid  boiiw  stt  into  lotion  or  incm*;*} 

sp*#d. 

h  this  Stiluius  prasant  Y/H  *?  y 
Do  you  wish  to  rauord  this  CY/N3  ? 


PSA  SCREEN  #2B 

HAZEL  would  ask  if  this  stimulus  should  be  reworded. 

If  rewording  is  wished,  HAZEL  will  a?’*  for  the  rewording  and  then,  ask  i 
the  rewording  is  correct.  If  not,  HAZEL  will  continue  until  the  correc 
rewording  is  entered.  She  will  then  continue  with  this  screen. 


If  not,  HAZEL  will  then  continue  with  this  screen. 


PttURINNtY 


fH»  l 


Data  29  Jw!  86 

rn  He.  INI  fill*  Sitplo  for  Display 
Possiblt  Hazard*  Acctltratior 

Possiblt  Stioulus:  Uthiclt,  body*  or  fluid  btiny  Mi  into  ootion  or  incroasi* 

tpttd. 

EXPOSURE:  Tht  STIMULUS  occurs  CONTINUOUSLY,  or  tony  iiots  daily.  Ualuo  is  II. 
Doos  ibis  Exposure  apply  Y/H  ?  - 


PSA  SCREEN  #2C 

This  portion  of  the  screen  allows  selection  of  the  exposure.  All  exposure 
definitions  will  be  presented  end  continued  to  be  presented  one  at  a  tints', 
until  a  selection  is  made. 

Once  selected,  HAZEL  will  continue  with  this  screen. 


PRELIMINARY 


PW  1 


Data  2S  Jul  8$ 

APE  No.  10M  Title  Satpla  for  Display 
Possible  Hazard:  Acceleration 

Possible  Stioulus:  Vehicle,  body,  or  fluid  bein9  set  into  aotion  or  increasing 
speed. 

Possible  HCfl:  In  jury  to  personnel .  A  person  nay  be  hit  by  an  object  set  in  not 
ion  by  a  sudden  change  in  velocity. 

Is  this  HCfl  possible  Y/N  ? 


\ 


If 

j  „  *  -  ,  '  ’ ,  -  , 

_ . _ _ _ I _ ! _ 


PSA  SCREEN  #2D 

The  next  step  io  to  determine  the  MCM. 

If  this  MCM  were  not  possible,  a  "N"  or  "n"  would  be  entered,  and  the  next 
MCM  would  appear.  This  would  continue  until  all  MCMs  currently  on  the  list 
were  evaluated.  HAZEL  would  then  ask  if  a  new  MCM  was  to  be  entered,  and  if  so 
whether  to  add  it  to  the  permanent  list  for  future  use. 

If  this  MCM  were  possible,  HAZEL  would  continue  with  this  screen. 
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PRELIMINARY 

Dalo  2S  Jul  86 

APE  No.  18M  TUio  Saoplo  for  Oitplay 
Pottiblo  Hazard*  Accoloration 


Payo  1 


Pottiblo  Stiaulut*  Mohiclo,  body,  or  fluid  boiny  ui  into  notion  or  incroatiny 
tptod. 

Pottiblo  KCIl:  Injury  to  portonnol .  A  ponon  My  bo  hit  by  an  objoct  tot  in  oot 
ion  by  a  tuddon  chanyo  in  voloeity. 

It  thit  NCH  pottiblo  Y/N  ?  y 

Do  you  wish  to  reword  this  (Y/N)  ? 


PSA  SCREEN  #2E 


HAZEL  would  ask  if  this  MCM  should  be  reworded. 

If  rewording  is  wished,  HAZEL  will  ask  for  the  rewording  and  then  ask  if 
the  rewording  is  correct.  If  not,  HAZEL  will  continue  until  the  correct 
rewording  is  entered.  She  will  then  continue  with  this  screen. 

If  no  rewording  is  required,  HAZEL  will  then  continue  with  this  screen. 
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PRELIMINARY 


Oat*  23  Jcil  86  Pa9e  1 

APE  Nr.  1888  Title  Saaple  for  Display 
Possible  Hazard:  Acceleration 

Possible  Stiaulus:  Vehicle,  body,  or  fluid  bein9  set  into  action  or  increasin9 
speed. 

Possible  HCH:  Injury  to  personnel.  A  person  aay  be  hit  by  an  object  set  in  aot 
ion  by  a  sudden  change  in  velocity. 


Severity:  CATASTROPHE:  Nuaerous  fatalities}  daiage  over  #1,080,808;  aajor  di-r. 
ption  of  activitivies,  loss  of  production  facilities.  Value  is  188 


Does  this  Severity  apply  Y/N  ? 


PSA  SCREEN  #2F 

This  portion  of  the  screen  allows  selection  of  the  severity.  All  severity 
definitions  will  be  presented  and  continue  to  be  presented  one  at  a  time,  until 
a  selection  is  made. 

Once  selected,  HAZEL  will  continue  with  this  screen. 


PRELIMINARY 

Oat*  29  Jul  86  Paye  1 

APE  No.  1080  Title  Staple  for  Display 
Possible  Hazard:  Acceleration 

Possible  Stiaulus:  Vehicle,  body,  or  fluid  bein9  set  into  aotion  or  increasing 
speed. 


Possible  HCH:  Injury  to  personnel.  A  person  nay  be  hit  by  an  object  set  in  aot 
ion  by  a  sudden  change  in  velocity. 


PSA  SCREEN  #2G 

The  next  step  is  to  enter  the  mishap  sequence. 


PRELIMINARY 


Pi**  1 


Date  29  Jwl  86 

APE  No.  1088  Title  Sa»ple  for  Display 
Possible  Hazards  Acceleration 

Possible  Stiauluss  Uehiele,  body,  or  fluid  bein9  set  into  aotion  or  increas:r 
speed. 

Possible  HCfis  Injury  to  personnel.  A  person  aay  be  hit  by  an  object  set  in  is 
ion  by  a  sudden  chan9e  in  velocity. 


Enter  aishap  sequence  I  1  of  8  or  END  to  stop 

?  Statement  tl 

Is  this  correct  Y/N  ? 


PSA  SCREEN  #2H 

HAZEL  will  ask  if  this  statement  is  correct. 
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PSA  SCRFSN  #21 

sequence!*  inpUt  °f  “P  to  8  Unes  ot  80  <*«««•«  for  e.ch  mishap 

To  end  entering  them,  "End",  "end"  or  "END"  is  entered. 

HAZEL  then  continues  with  this  screen. 
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PRELIMINARY 

Date  29  Jul  86 

tfE  No.  1008  Title  Satple  for  Display 
Possible  Hazards  Acceleration 


Page  1 


Possible  Stiaulus:  Vehicle,  body,  or  fluid  bein9  set  into  aotion  or  increasing 
speed. 

Possible  HGH!  Injury  to  personnel.  A  person  lay  be  hit  by  an  object  set  in  act 
ion  by  a  sudden  change  in  velocity. 

1  Statement  il 

2  Statement  §  2 

3  Statement  13 


The  complete  accident  sequence  is  the  HOST  LIKELY  and  expected  result. 
Value  is  18 


Does  this  Hishap  Probability  apply  Y/N  ?  . 


PSA  SCREEN  #2J 

This  portion  of  the  screen  allows  selection  of  the  mishap  probability.  All 
mishap  probability  definitions  will  be  presented  and  continue  to  be  presented 
one  at  a  time,  until  a  selection  is  made. 
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PRELIMINARY  SAFETY  ANALYSIS 

Date  29  Jul  86 

APE  No.  1999  Tiilt  Soaplt  for  Display 

Possible  Hazard:  Acceleration 

Paye  1 

j 

Possible  Siiaulus:  Vehicle,  body,  or  fluid  beiny  set  into  lotion  or  increasiny 
speed. 

Possible  HCM:  Injury  to  personnel.  A  person  aay  be  hit  by  an  object  set  in  aoti 
on  by  a  sudden  chanye  in  velocity. 

Exposure  A  Probability  a  Severity  I  Criticality 
Exposure  1  Probability  Severity  I  Criticality 
Enter  solution  <RT>  . 

11,888.89 

8,88 

PSA  SCREEN  #2K 

^  criticality  is  greater  than  10,  then  HAZEL  will  request  a  recommended 
solution  be  entered. 

If  the  criticality  is  10  or  less,  HAZEL  will  indicate  no  solution  is 
required. 
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PRELIMINARY 

Date  29  Ju)  86 

APE  No.  1M0  Title  Staple  for  Oisplay 

Possible  Hazard:  Acce leration 

Paye  l 

Possible  Stimulus:  Vehicle,  body,  or  fluid  boil*  set  into  notion  or  increasing 
speed. 

Possiblt  NON:  Injury  to  personnel.  A  person  My  be  hit  by  an  object  set  in  Mt 
ion  by  a  sudden  chan*  in  velocity. 

Exposure  A  Probability  a  Severity  1  Criticality 

ll.M0.il 

Enter  recooaendation;  SOLUTION  TO  PROBLEM 

Is  this  correct  Y-'N  ? 

HHHHHHHHHBHHI 

PSA  SCREEN  #?L 

HAZEL  will,  ask  if  the  solution  is  correct,  if  not,  she  will  allow  it  to  be 
reentered. 

Otherwise  yes  is  entered  and  a  new  screen  appears. 
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PSA  SCREEN  #3 

This  streen  allows  selection  of  how  to  handle  the  data  entered. 

If  option  1  or  2  is  selected,  the  safety  evaluation  page  will  be  printec 

out. 

If  option  1  or  3  is  selected,  HAZEL  will  proceed  to  PSA  screen  #1.  Th« 
same  hazard  will  be  present  which  had  just  been  completed,  in  case  it  can  t>« 
manifested  by  more  than  one  stimulus. 

If  option  2  or  4  is  selected,  HAZEL  will  proceed  to  PSA  screen  #4. 
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HAZEL  then  reque 
insure  it  was. 


She  then 
deficiencies  < 


PLACE  HAZTAC  DISK  IN  OftIUE  A 
SPACE  TO  CONTINUE 
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PSA  SCREEN  #5 

After  updating  the  file,  she  asks  for  the  first  program  disk  to  be  place  in 
Drive  A. 
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lmdim  min  nmm 


PSA  SCREEN  #6 


Sht  th*n  loads  f.h«  main  program. 
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HAZEL 

DIRECTORY  PR06RAH 


mtt  PLACE  DIRECTORY  DISK  IN  DRIVE  B  tttt 


Press  SPACE  to  CONTINUE 


PSA  SCREEN  #7 

She  then  requests  and  checks  for  the  presence  of  th«  Directory  Disk  in  Drive  B. 
Once  in  place,  she  updates  the  master  'ile  for  the  system  being  evaluated. 
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r? .  - 

REVIEM/UPDATE 

HAZEL 

1. 

Review  Preliainary  Hazard  Analysis 

2. 

Raview  Systea  Hazard  Analysis 

3. 

Reviaw  Sub-Systea  Hazard  Analysis 

4. 

Review  Coaponent  Hazard  Analysis 

5. 

Review  Operating  &  Support  Hazard  Analysis 

b. 

Review  Failure  Modes  It  Effect  Analysis 

7. 

QUIT 

Enter  Option  desired  tl-71  ? 

'  ,s;. 


PSA  SCREEN  #8 

If  the  project  were  to  be  reviewed  or  updated,  this  menu  would  appear  after 
selecting  the  Review/Update  option  of  Master  Menu  #1. 
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PSA  SCREEN  #9 

After  checking  to  see  what  system  was  being  evaluated,  and  loading  the  correct 
evaluation  disk  in  Drive  B,  HAZEL  would  request  the  page  number  of  the  safetj 
analysis  to  be  updated. 

If  the  safety  deficiency  has  already  been  closed,  HAZEL  proceeds  directlj 
to  screen  #11,  otherwise,  she  proceeds  to  screen  #10A. 
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PRELIMINARY  SAFETY  ANALYSIS 

Date  29  Jul  86 

APE  No.  1688  Title  Saaple  for  Display 
Possible  Hazard:  Acceleration 


Page 


Possible  Stimulus:  Uehicle,  body,  or  fluid  bein9  set  into  aotion  or  inrreasino 
speed. 

Possible  HCH:  Injury  to  personnel .  A  person  Bay  be  hit  by  an  object  set  in  aoti 
on  by  a  sudden  change  in  velocity. 

Exposure  A  Probability  a  Severity  I  Criticality  16.888.88 
Exposure  8  Probability  Severity  I  Criticality  6.88 
Enter  solution  <RT>  FINAL  SOLUTION 

Is  this  correct  Y/N  ?  Y 


1-EXPOSURE,  2-PROBABILITY.  3-FINAL  SOLUTION,  4-DQNE,  Enter  option  ?  . 


PSA  SCREEN  #10A 

This  is  the  first  of  two  screens  required  to  update  a  safety  analysis  page. 

HAZEL  first  requests  the  final  solution  to  be  entered  and  then  permits 
selection  of  options  to  update. 

To  select  the  final  exposure  of  the  hazard,  a  "1"  is  entered. 

To  select  the  final  mishap  probability,  a  "2"  is  selected. 

If  the  final  solution  requires  change,  then  "3"  can  be  entered. 

When  satisfied  with  these  entries,  the  next  screen  can  be  selected  using 
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REVIEW/UPDATE  SAFETY  ANALYSIS 


1.  CLOSE  THE  HAZARD 

2.  VERIFY  THE  HAZARD  CLOSED 

3.  REVIEW  DATA  ENTERED 


PSA  SCREEN  #11 

This  screen  allows  the  hazard  to  be  closed  or  closed  and  verified. 

It,  also,  permits  return  to  screen  #10A  if  desired. 

After  this  screen,  HAZEL  will  request  the  HAZTAC  disk  to  be  placed  in  Drive 
A,  in  order  to  update  its  files  and  then  load  the  master  program. 


1171 


PSA  SCREEN  #12 

The  above  menu  is  for  the  print  option.  The  same  basic  procedures  are  required 
to  reach  it.  However  once  the  option  is  completed,  this  option  does  not 
require  updating  of  the  HAZTAC  file. 

It  can  be  used  to  print  any  page  or  pages  of  the  selected  evaluation. 
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FMEA  SCREEN  #1 


This  is  the  first  screen  for  the  FMEA. 


HAZEL  would  verify  that  the  correct  disk  was  placed  in  Drive  B. 

If  the  disk  had  not  been  used  before,  HAZEL  would  create  the  various  files 
required. 
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FAILURE  NODE  AND  EFFECTS  SAFETY  ANALYSIS 


FMEA  SCREEN  #2 


HAZEL  then  requires  the  item  being  evaluated  and  its 

Once  satisfied  with  the  res”lts  and  ,,Y"  or  "y" 
to  the  next  screen. 


purpose  to  be  entered, 
is  entered,  HAZEL  proceeds 


FAILURE  NODE  AMD  EFFECTS  SAFETY  ANALYSIS 

Cite  2$  JuJ  86 

h?£  No.  1008  Title  Satple  for  Display 
Component;  Uni t  #1 


Pa$e 


Purpose?  Display  of  FHEA  Screens. 


Usaye  rate:  The  techanisa  it  a  safety  device  or  life  support  systea.  Value  is 
19.1 


Is  this  correct  Y/H  9  . 


FHEA  SCREEN  #3 

Thi»  screen  determines  the  usage  rate. 

Once  it  is  determined,  HAZEL  proceeds  to  the  next  screen. 


> 
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MRUS  HOOC  MB  IFfECTS  SAFETY  ANALYSIS 
:  liW  »  Jul  86  Pw 

Ho.  1818  Tiilt  SmpU  tor  Display 
CwywtnU  Unit  81 


Nrpott*  Display  of  FISA  Scmns. 


Redundancy:  No  redundancy  of  aechanisa.  Value  is  1.0 


Is  this  correct  V'H  ? 


FMEA  SCREEN  #4 

rhi»  screen  determines  the  R  factor  or  redundancy  for  the  item. 
Once  it  is  determined,  HAZEL  proceeds  to  the  next  screen. 
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P*9 1  1 


FAILURE  NODE  MO  EFFECTS  SAFETY  ANALYSIS 

OH#  29  Jgi  06 

APE  No.  IMS  Tiil#  Saaplt  for  Display 
CcBponent*  Unit  11 


Purpos#:  Oi  splay  of  FNEA  Sc  mot. 


Failure  rates 
e.  lvalue  is  10. 


The  aechanisi  will  fail  at  least 


once  per  shift  or  8  hours 


Is  this  correct  Y-'N  ? 


FMEA  SCREEN  #5 

Thi*  screen  determines  the  failure  rate  for  the  itea. 

Once  it  is  determined,  HAZEL  proceeds  to  the  next  screen. 
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FAILURE  A Off  AND  EFFECTS  SAFETY  ANALYSIS 


Pttt  1 


PHEA  SCREEN  #6 

This  acreen  represents  the  first  of  seven  cycles  which  will  be  completed,  one 
for  each  possible  failure  node. 

HAZEL  asks  if  this  failure  eode  is  possible. 

If  not,  HAZEL  will  continue  with  the  next  cycle  until  all  vodes  have  been 
evaluated. 

If  yes,  HAZEL  continues  with  this  screen. 
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FAILURE  WOE  AND  EFFECTS  SAFETY  ANALYSIS 

Date  29  Jul  SS 

m  No.  2006  Title  Staple  for  Display 

Coaponenti  Unit  II 

Failure  Node*  Preatture  operation. 


Effect  of  failure  on  Coapoent 
?  Unit  began*  to  operate. 

Effect  of  failure  on  $ub-Sy*tea 
?  Sub-tystea  begins  to  operate. 


Effect  of  failure  an  Systea 
?  Systea  starts. . 


It  this  CORRECT  Y/N  Y  y 


FWA  SCREEN  #6A 

HAZEL  will  ask  for  the  effect  of  this  failure  node  on  the  item,  the  sub-system 
to  which  it  belongs,  end  the  total  system. 


Once  completed,  HAZEL  proceeds  to  the  next  portion  of  this  screen. 
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P«9t  1 


FAILURE  HOK  (WO  EFFECTS  SAFETY  ANALYSIS 

pit#  n  jui  is 

NFE  No.  19M  Till#  Staple  for  Display 

Coaponent*  Unit  91 

Foilur#  Rod#t  Pmatur#  operation. 


Effect-  of  failure  on  SysUa!  Systaa  start 


SEVERITY  ON  SYSTEM*  CATASTROPHES  Numerous  fatalities?  daoayt  over  fl.IM.MI? 
aajor  disruption  of  activities,  lost  of  production  facilities.  Value  is  1W 


Is  this  POSSIBLE  Y/N  *  . 


FMEA  SCREEN  #6B 

This  portion  determines  the  severity  of  the  failure  on  the  total  system. 
Once  cosqileted,  HAZEL  proceeds  to  the  next  portion  of  this  screeti. 
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Pm  1 


Mu**  mot  and  effects  safety  analysis 

Dot#  29  M  96 

APE  No.  1111  Tiilo  $ml«  for  Oitoloy 

CoapononU  Unit  »1 

Poiluro  «odf»  PrtMturt  ooorotion. 


Effect  of  fiilur#  on  Systtki  Systtk  st»rt 
CRITICALITY  is  10,000.00 
Enter  Recoktendtd  Corrective  Action  Solution. 


Is  this  CONNECT  Y/N  ? 


V 


FMEA  SCRFfiN  #6C 

The  criticality  for  the  failure  mode  it  displayed  and  if  greater  than  10, 
recommended  solution  is  requested. 


a 


Once  completed,  HAZEL  proceeds  to  the  next  screen. 
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i 


FMEA  SCREEN  # 7 

This  screen  allows  the  data  entered  to  be  saved,  and,  also,  offers  the  option 
of  quitting. 

If  option  l  or  2  is  selected,  the  data  is  3aved  and  the  the  FMEA  page  is 
printed. 

If  option  3  or  4  is  selected,  the  data  is  not  saved. 

If  option  1  or  3  is  selected,  the  next  failure  mode  is  considered. 

If  option  2  or  4  is  selected,  the  HAZTAC  file  is  updated  as  before,  and  the 

main  program  is  loaded. 
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PINAL  NOTE 


Not  all  menu*  or  screens  are  included,  due  to  the  number  involved. 

The  menus  and  screens  selected,  however,  represent  how  HAZEL  flows,  the 
built  in  checks  incorporated,  and  how  HAZEL  interfaces  with  its  user  to  allow 
corrections  and  rewording  during  her  use. 


